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Surface-Modified Nanoparticles and Method of Making and Using Same 
Background of the Invention 

FIELD OF THE INVENnON 

This invention relates to sustained release drug ddivefy systems and methods of making same. 
5 More particularly, the invention relates to surface-modified biodegradable nanoparticles for targeted 

delivery of bioactive agents, methods of making nanoparticles. novel polymeric compositibns for 
making the nanoparticles, and methods of using same. 

DESCRimON OF THE RELATED ART 

Site specific delivery of therapeutic agents for vascular diseases, or other local disorders such 
1 0 as cancer or infection, is difficult with systemic administration of drugs. Drugs administered orally, 

or by peripheral intravenous injection, are distributed throughout the patient's body and are subject 
to metabolism. The amount of drug reaching the desired site is firequently greatly diminished. 
Therefore, a larger dose of therapeutic agent is required, which in many cases, leads to unpleasant 
and unwanted systemic ade effects. There is, therefore, a need for drug delivery systems which can 
IS be applied locally to treat regional disorders. 

In many instances, intravascular administration of therapeutic agents would comprise a 
significant improvement in the art. However, there are special considerations which must be taken 
into account in the development of an intravascular drug delivery system. For example. For 
example, an intravascular drug delivery system must not cause clotting or thrombogenesis. 
20 Moreover, constant blood flow through the vasculature results in rapid dilution of the drug. There 



is, therefore, a need for a drug delivery system which can safely b delivered intravascularly and 
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which can be retained at the site of administration to release therapeutic agent over a period of 
time. 

Some of the foregoing and odier disadvantages of the prior an can t>e overcome with 
injectable microparticles, and in particular, nanoparticles. Nanoparticles can enter cells and 

5 penetrate intracellular junctions. However, to date there have been no successful methods to 

confer antithrombogenic properties or cell adhesion pn^)erties to mioDparticles in order to 
enhance adhesion of the microparticles at the site of injection, such as the extracellular matrix 
in a vessel wall and the surrounding tissue, to facilitate drug retention. 

Biodegradable sustained release nanc^iarticles for intravascular administFation of 

1 0 ther^utic agents would be of extreme value in the treatment of cardiovascular disease such as 
restenosis, for example. Re-obstruction of coronary arteries or mher blood vessels, after 
angioplasty, has generally been termed restenosis. Typically, within six months of coronary 
angioplasty, about 30% to 50% of the treated coronary lesions undergo restenosis. The 
processes leading to restenosis likely involve a combination of acute thrombosis following 

15 damage to the arterial wall imposed on a background of pre-existing arterial disease. The types 
of active agents which would be useful for site-spedfic treatment to mitigate and/or prevent 
restenosis cover a broad range, including antithrombogenic agents, growth factors, DNA, 
oligonucleotides, antiplatelet drugs, immune modulators, smooth muscle cell inhibitors, 
cytokines, and-inflammatory agents, and anti-atherosclero^s agents (e.g., antilipid agents or 

20 anticaldficaticm agents). 
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Various drug delivery strategies have been devised for phannacological intervention to 
prevent restenosis. One such strategy involves die invasive placement of periadvendttal drug 
deliver systems, comprising controlled release polymer preparadons, on the outside of blood 
vessels. Expandable baUoon angioplasty stents having drug-polymer coatings have also been 

5 investigated. The stent devices are limited, however, to use in situations requiring stent 

angioplasty and suffer the further disadvantage that the amount of drug and polymer that can be 
contained in the system is limited to the surface area of the struts and wires comprising the stent 
Another known qyproadi for preventing restenosis is regional drug therapy involving segmental 
arterial infunons of drugs of interest to retard the events diat lead to restenosis. The results 

1 0 achieved by the known ^stem have been relatively ineffiBctive due to rapid washnnit of drug by 
the blood flow. There is, tiius, a need for sustained release drug delivery devices for local, 
regional, and/or targeted administration of a variety of therqmitic or bioactive agents, to sites, 
such as the vasculature. Of course, the same need exists in many diverse sq>plications, such as 
gene thers^, cancer theraq>y, treatment of localized infections and inflammatory reactims, and 

15 diagnostic imaging. 

One of the problems encountered in the development of sustained release drug ddivery 
devices has been finding a suitable biocompatible, bioerodable polymer to serve as a matrix or 
depot for the therapeutic agent. A variety of biodegradable polymers have been synthesized and 
used in the practice f medicine. However, most f these biodegradable polymers are unsuitable 

20 for the manufacture f sustained release drug delivery systems, particularly nanoparticles. A 
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comnKmly used polymer is the polyester»ix>lylac^ While 
PLGA is biocompatible, it degrades relatively rqndly. Thus, the use of PLGA for long-term 
sustained release drug delivery systems has been limited. In addition, due to the limited number 
of hydroxyl groups m PLGA, it has been difficult to diemically link a significant amount of 

5 bioactive agent to the polymer chain. There is, therefore, a need for a means of providing 

PLGA, and other non*reactive polymers, with moie reactive functional groups fw subsequent 
chemical modification and/or linldrig widi bioactive agents of interest. There is also a need in 
the art for biocompatible polymers which have long-term bioeroaon characteristics. 

Polyc^ffolactone, anodierbiodcgnuiable polymer used in the medical field, has long-term 

10 sustained release potential. In £Kt, polyc^Holactones have been used for contraceptive sjrstems 
incorporating hydrcq>habic agents, such as steroids. Unfortunatdy, polycaprolactones are not 
useful for hydrophilic agents, or for nqrid release applications. Polycaprolactone also lacks 
reactive fimcticmal groups that can be used to derivatize, or diemically modify, the polymer. 
It would be advantageous to form a new biodegradable polymer, containing the hydrophobic 

1 5 polycaprolactone block, but with more desirable hydrophilic characteristics, rsqrid biod^radatim 
kinetics, and Ae potential for further derivatization (e.g. , through the addition of reactive epoxy 
groups). 

Some researchers have synthesized polylactone-polyether block copolymers by initiating 
polymerization flactmemonomen using a poly-glyool as an aloohoUc-type initiator. However, 
20 this technique results in the formation of a BAB-type block copolymer ifriierdn die hydrophilic 
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segment is in the middle of the blodc cqx>lymer. This technique has the further disadvantage 

that only low molecular weight polymers can be formed. There is a need for a technique which 

diemically links hydroiriiobic and hydrof^lic copolymer blocks in ABA, BAB, as well as (AB)», 

form so that hydrophobidty and molecular weight of the block copolymers can be tailored as 
5 desired. There is an even greater need for block copolymers having reactive functional groups, 

such as hydroxyl groups, on both ends for ready chemical modification, such as coupling to 

heparin, albumin, vaccines, or odier biomolecules of interest. 

It is, therefore, an object of diis invention to provide a biocompatible biodegradable 

f^i^infd release drug delivery system for local and/or targeted administration of a variety of 
1 0 thenqmitic or bioactive agents. 

It is another object of diis invention to provide a sustained release drug delivery system 

for cathet^-based local drug delivery at any site which can be accessed through the vasculature, 

or by oth^ interventional means. 

It is also an object of tfiis invention to provide methods of making sustained release drug 
15 delivery systems ^^iiich cmnprise biocompatible biodegradable polymers, and lumoparticies in 

particular. 

It is a further object of this invention to provide mettods of making sustained release 
drug delivery systems which comprise biocompatible biodegradable nanc^iarticles having 
improved properties, such as targeting ability, r^ention cs^^ability, anti-thrombogenidty, and the 
20 like. 
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It is yet an additional object of this invention to provide a method of making ultrasmall 
nanoparticles (e.g., 20 to 35 nm in diameter). 

It is additionaUy an object of this invention to provide an impnyved biocompatible, 
biodegradable polymer having, hydrophobic and hydrophilic characteristics, which is suitable 
5 for making sustained release drug delivery sy^ems. 

It is yet a further object of this invention to provide an improved biocompatible, 
biodegradable polymer having reactive functional groups on the sur&ce which are suitable for 
chemical modification and/or linking with bioactive agents of interest. 

It is also another object of thb invention to provide a method to confer reactivity, or to 
10 activate, die surface of biocompatible, biodegradable polymers which are otherwise relatively 
inert. 

Summvy of the Invention 

The foregoing and other objects are achieved by tiiis invention v^ich provides a sustained 
release dnig delivery system comprising nanoparticles, preferably surface-modified 
15 nanoparticles. The nanoparticles are a core of biod^radable, biocompatible polymer or 
biomaterial. The average diameter of the nanoparticles of the present invention is typically less 
than about 300 nm, preferably in the range of 100 nm to 150 nm, and more preferably 10 nm 
to SO nm, with a narrow size distribution. 
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The polymeric core may have a bioactive, or bioinactive, agent or combination of agents, 
in corporated, embedded, en trained, or otherwise made part of the polymer matrix comprising 
the nano particle core. The incorporated bioactive agent is released as the polymer hydro lyzes 
and diss olves, thereby biodegrading. In addition, the surface modify ing agents(s), which are 

5 attached to the surface of tfie polymer core, a re typically also bioactive. The surface modi^ ing 

agent, for example, may assist in targeting the namqwrticles to a desired site (g.g«, as an 
antibody) or in ret aining the nanqpaiticles at the rite (e.g., as a cell adhesive). 

As used herein, the tenns ^biocompatible polymer" or "biomaterial" denote any synthetic 
or naturally-derived polymeric material which is known, or becomes known, as being suitable 

10 for in-dwelling uses in the body of a living being, i.e. , is biologically inert and physiologically 
acceptable, non-toxic, and, in the sustained release drug delivery systems of the present 
invention, is biod^radable or bioerodable in the environment of use, Le. , can be resorbed by 
the body.. 

niustxative biomaterials suitable for use in the practice of the invention include naturally- 
1 5 derived polymers, such as acacia, chitosan, gelatin, dextians, albumins, alginates/starch, and the 
like; or synthetic pcriymen, iRdiether hydrophilic or hydrophobic. 

Biocompatible, biodegradable synthetic polymers which may be used to formulate 
nanopartides include, but are Mt li mited to, polyesters, s uch as polylactides, polyglycolides, and 
polylactic polyglyoolic copolymers (PLC A); polyethers, sud i as such as hydroxy-tominated pol y 

20 (ecsqirolactone)-polyether or polycaprolactone(PCL);polyanh ydrides; poly alkylcyanoacrylates, 

. , . ■ . , . 
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s uch as n-butyl cyanoacrylate; polyaay lamides; poly(OTti|ogtqg jpolyia^ polyaiy^ino 
adds; and biodegradable polyurethanes. It js to be understood that the ter m polymer b to be 
construed to include copolymers and olieomers. 

In a preferred embodiment, the biocompatible, biodegradable synthetic polymer is 
polylactic polyglycolic add co*polymer (PLGA; available ftom Binningham Polymers, Inc. 
ttrmingham, Alabama). PLGA, for example, is FDA approved and currently used for surgical 
sutures. Additionally, PLGA is commerdally available in a wide range of molecular wdghts 
with various biodegradalion characteristics. PLGAs suitable for use in the practice of the 
invention have molecular wdghts in the range of from about 30,000 to 700,000, typically 30,000 
to 90,000, with an intrinnc viscosity ranging from 0.5 to 10.5. 

In another preferred embodiment of the invention, the biocompatible, biod egradable 
synthetic polymer is a poly cayrolactone; spe dfically, novd polyca^lactone-based multiblock 
copolymen >^ch contain hydrophobic and hydn^ilic s^ments. In a particularly preferred 
embodiment, the multiblock copdymer is epoxy-derivatized and surface-activated as will be 
disaissed more completdy hereinbdow. 

As used h erein, the term "bioactive agent* means a chemical compound, or combination 
of compounds, naturally-occurring or synthetic, which possess the property of influencing the 
normal and pathologic bdiavior of living systems. A bioactive can be thenqieutic, diagnostic, 
prophylactic, cosmetic, nutritional, ere. In some cases, the bioactive agent can be bioinactive 
in tte broad sense; an exdpient or filler; an adjuvant, which will act in conjunction, or 
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combination, with one or mofe other bioactive agents; or a surface modifying agent as will be 
defined more completely hereinbelow. 

Of course, the term "bioactive agent" includes pharmaceutical agents, alone or in 
combination with other pharmaceutical agents and/or bioactive agents. 

5 In preferred embodiments of the invention, die pharmaceutical agent is a cardiovascular 

agent, paiticulariy a cardiovascular agent which b useful for tte treatment of restenosis of 
vascular smooth muscle cells. The cardiovascular agent may be a stimulator, such as platelet 
derived growth fiaictor, endothelial cdl growth finctor, fibroblast growdi factor, smooth muscle 
cell-derived growth factors, Interleuldn 1 and 6, transforming growth fiactor-i3, low density 

10 lipcqirotein, vasoactive substances (Andotension n, qMnq)hrine. norcpinq)hrine, -5HT, 
neuropqnide substances P&K, endotfielm), thrombin, leukotrins, prostaglandins (PGEj, PGL^), 
qridermal growth factors, oncQgeites (c-myb, c-myo, fbs), or proliferating cell nuclear antigen; 
inhibitors 5uch as transfbrming growth foctor-^, heparin-like factors, or vasorelaxant substances; 
antithrombins, such as hqarin, hirudin, or hirulog; antiplatelet agents, such as a^irin, 

15 dipyridamole, sulfinpyrazone, salicylic acid, eicos^>entaenoic acid, ciprostene, and antibodies 
to platelet glyoo|nDtein nh/IDa; caldum channel blockers, such as nifcdiinne, verqwnil, 
diltiazem; antitenstn converting en^e (ACE) inhibitors, such as csqytopril or cilazapril; 
immunosuppressants, such as steroids or cyclosporin; fish oils; growth factor antagonists, such 
as angiopeptin or traq^idil; cytoskdetal inhibitors, such as cytochalasins; antiinflammatory agents, 

20 such as dexametiiasone; thrombolytic agents, such as streptokinase or urokinase; and 
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andpTDlifcfatives, such as colchiciiicor U-86983 (provided by the Ufyjohn Company, Kalamazoo, 
MI; hereinafter "U86'); gencdc material suitable for the DNA or anti-sense treatment of 
cardiovascular disease; protein kinase inhibitors, such as stauroqxmn or the like; smooth muscle 
migration and/or contraction inhibitors such as the cytochalasins, suramin, and nitric oxide- 

5 releasing compounds, such as nitroglycerin, or analogs or functional equivalents thereof. In a 

particularly preferred raibodiment, directed to the treatment of restenons, the bioactive agent 
is the cytoskeletal inhibitor, cytochalasin B. 

Of course, genetic material for the DNA or anti-sense treatment of cardiovascuhu- disease 
is ^ifically included. Illustrative examples are platdet-derived growth factor, transforming 

10 growth factors (alpha and beta), fibroblast growth factors (acidic and basic), angiotensin II, 
bq»rin-binding qridermal growth factOT-Iike molecules, Interleukin-1 (alpha and beta), 
Interieukin-6, insulin-like growth factors, cmoogenes, proliferating cell nuclear antigen, cell 
adhesion molecules, and platelet surface antigens. 

In still odier embodiments of the invention, the bioactive agent is a protein or peptide- 

15 based vaccine, such as ^terial vacdnes» inc luding tetanus, cholera toxin, Stsq>hylococcus 
enterotoxin Fntussis, pneumococcus. Staphylococcus and Streptococcus antigens, and others, 
E. Coli (enteropathogenic); and viral vaccine protdns, such as all AIDS antigens, viral proteins 
(e.g., influenza virus protei ns, a denovirus, and others), live vims in microcapsules (e.g., 
attenuated poliovirus), Hqntitis viral components, and Rotavirus components; viral and bacterial 
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polysaccharides; and DNA*based vaccines. In a paiticulariy preferred embodiment^ the protein- 
based vaccine is Tetanus-Toxoid. 

In odier embodiments, directed to the treatment of cancer, the bioactive agent is an 
anticancer agent, illustiativdy alkylating agents, such as mechlorethamine, cyclophosphamide, 

5 ifosfamide, mqrtialan, dilorambudl, hexamethylmelamine, thiotqia, busulftn, carmustine, 

lomustin, lomustine, semustine, steptozodn, dacarbazine; antimetabolites, such as methotrexate, 
fluofouradl, floxuridine, cytarabine, mercsq>topurine, thipguanine, pentostatin; natural products, 
such as alkakmis (e.;*, vinblastine or vincristine), toxins (e.g., etoposide or teniposide), 
antibiotics such as dactinomydn, dauncmibicin, bleomycin, plicamydn, mitomycin), and 
* 1 0 enzymes, (e.g. , L-asparaginase); biological reqxmse modifiers, »ich as Interferon-a; hormones 
and antagonists, such as adrenocortocoids (f.;., dexamethasone), progestins, estrogens, anti- 
estrc^gens, androgens, gonadotrofnn releasing hormone analogs; miscellaneous agents, such as 
d^lastin; mitoxantrone, hydroxyurea, procartazine or adrenocortical suppressants (e.g., 
mitotane cnr aminoglutethiniide). Other examples, ^ledfically include, anticancer genes, such 

15 as tumor sqipressor genes, such as Rband P", cytokine*producing genes, tumornecroris factor 
o-cDNA, cardnoembryonic antigen gene, lypholdne gene, toxin-mediated gene thenq>y, and 
antisense RNA of E6 and E7 genes. 

Bioactive agents useful in the practice of the invention, include, without limitation, 
enzymes, sudi as coagulation factors (prothrombin), cytokines (platdet-derived growth fiactor, 

20 fibroblast growth factor), cell adhedon molecules a-Cam> V-Cam, int^rin); transport proteins. 
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such as albumin, ferritin, transferrin, calmodulin; and biologically active pqitides, such as those 
containing arginine-glydne-alanine (RGD sequence); biopolymen, such as nucleic acids (DNA, 
RNA, oligonucleotides (sense and andsense DNA and RNA), protamine, collagen, elastin, 
matrix proteins (e.;., glycoproteins, agrican, glycan); carbohydrates, such as itmuy and 
polysaccharides, dextran, agar, agarose derivatives, monomeric and polymer-crosslinked 
polysaccharides; protQglycans, such as heparin, heparan, dermatan-sulfete, and related 
macromolecules; lipids, such as phospholipids, cholesterol, triglycerides, lipoproteins, 
a^lipoprotetns; synthetic agents, such as detergents, pharmaceuticals (qmfically including 
bi^osphonates, ion channel agents, and calcium channel blockers), imaging agenu, and 
polymers, such as cyanoacrylates, polyamine adds; and crystalline salts, such as 
osteooonductive salts which are conducive to bone-mineral formation, such as calcium 
phoq>hates, hydroxysq;atite, octacalcium phosphate, tricaldum phosphate, or trace metals, such 
as ferric cMoride, alumina, aluminum chlcmde, or zinc, magnesium, or cobalt salts. 

In stiUMto tiwr embodiment, the bioactive agent is a nucldc add, spedficallv an RNA , 
DNA, oligonucleotides of RNA or DNA Xsense and antisense). Spedfically, included are 
osteotropic gene or gene segments, such as bone morphogenic protdns (BMP2 and 4 and 
others), transforming growth fector, such as TGF*j31-3, activin, phosphoprotdns, ostemectin, 
ostec^Kmtin, bone sialoprotetn, osteocaldn, vitamin*k dependent proteins, glycoproteins, and 
collagen (at least I and II). 
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As used herein, the tarn "suifEioe modifying agent" is defined as any chemical or 
biological compound, which may be a btoacdve agent» having the property of altering the 
sui£ice of nanoparticles so as to perform one or more of the following functions: to target 
binding of the nam^nrtides to tissues or cells of living systems, to enhance nanc^xarticle 

5 sust a in e d release properties, including rttention at the site of administration, to protect 

nanopartide-incorporated bioactive agents, to imjiart antithmmbolytic effects, to improve 
suqiendibility, and to prevent aggregaticm. 

Surface modifying agents include, but are not limited, various synthetic polymers, 
biopolymers, low molecular weight oligomers, natural products, and surfactants. 

1 0 Syn ftetic poly mers whi ch are useful as surface modifying aeents include carfaoxymethy l 

cellulose, cdlulose, cellulose acetate, cellulose phthalate, polyethylene glycol (Carbowax), 
polyvinyl alcohol (PVA) , hydroxypropylmethyl cellulose phthalate, hydroxypropyl cellulose, 
sodium or calcium salts of carboxymethyl cellulose, noncrystalline cellulose, polaxomers such 
as Pluronic^ F68 or F127 whidi are block copolymen of ethylene oxide and propylene oxide 

15 available from BASF, Parsippany, NJ, poloxamines (Tetronic 908, etc.), dextrans, swellable 
hydrogds wfaidi are mixtures of dextrans, such as diediyl amino-ethyl dextran (DEAE-dextran), 
polyvinyl pyrolidone, polystyrene, and silicates, such as Bentonite or Ve^m. 

Natural products, include proteins and peptides, such as acada, gdatin, casein, albumins 
(ovalbumin^ human albumins, eic. ), myoglobins, hemoglobins, and sugar-containing compounds, 

20 such as tragacanth, sugars, such as sorbitol m mannitol, polysaccharides ficoll), and 
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pectin. Various tipids are specifically indiufed, such as ledthin, phospholipids, cholesterol, 
beeswax, wod fitt, sulfonated oQs, and rosin soap. 

Proteins and peptides specifically contemi^atBd to be within the invention include vascular 
smooth muscle binding proteins, illustratively, monodonal and polyclonal antibodies, F(ab*)3, 
5 Fab*, Fab, and Fv fragments of antibodies, growth factors, cytokines, polypq>dde hormcmes, 

macromcdecular recognizing extracellular matrix receptors (such as int^rin and fibronecdn 
receptors and the like); peptides for intracellular stroma and matrix localization, sudi as any 
peptide having an affinity for extiaodlular glycoprotein (e.;. , tenasdn), collagen, reticulum, or 
elastic fibers. 

10 In embodiments directed to cancer therqyy, for example, sur&oe modifying agents 

include tumor cell binding proteiris, such as those associated with qntopes of myc, ras, bcr/AbI, 
erbB, mucin, cytokine receptors (e.g., IL-€, EGF, TGF, myc) which localize to certain 
lymphomas (myc), carcinomas, sudi as colon cancer (ras), carcinoma (erbB), adenocarcinoma 
(mudns), breast cancer and hqntoma (IL-6 receptor), breast cancer (EGF and TGF), 

15 respectivdy. 

In embodiments directed to immunization, surface modifying agents indude toxins and 
toxdds, such as cholera toxin or toxoid, or fragments of same B<hain) to enhance its uptake 
or increase immimogenidty. Odier sur£soe modifying agents spedficaUy include 
immunostimulants, such as muramyl dipei^e, block co-polymers (e.g. , Pluronics), lipd A, and 

20 die vaccine antigen f the entrqip^ vacdne. 
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niustrative lum-ionic suriactants which serve a surface mcxlifying agents are 
polyoxyethylene sorbitan fiatty add esters (available comnienaally from Hercules, Inc., 
Wilmington, DE under the trademark Tween)^ scnbitan &tty add ester (available commercially 
from Hercules, Inc. under the trademark Span, fittty alcdtols, sudi as oetyl alcohol or stearyl 

5 alcohol, alkyl aryl polyether sulfonate (available from Sigma Chemicals, St Louis, MO under 

the trademark Triton X), dioctyl ester of sodium sulfbnsucdnic add (available from Atlas 
Powder Company, Wilmington, DE under the trademark Aerosol OT^. Anionic surfactants 
indude sodium dodecyl sulfate, sodium and potassium salts of fiatty adds (sodium oleate, sodium 
palmitate, sodium stearate, ^c), polyoxyl stearate (Mryj*, Atlas Powder Company), 

10 polyyoxylethylene lauryl ether (Brij*, Atlas Powder Company), sorbitan sesquioleate (Aracel*, 
Atlas Powder Company) tritthanolamtne, fotty adds, such as palmitic add, stearic add, and 
glycerol esters of forty adds, such as glyoercd monostearate. Exemplary cationic surfactants 
indude didodecyldimethyl ammonium bromide (DMAB), cetyl trimethyl ammonium bromide, 
benzalkonium chloride, hexadecyl trimethyl ammonium chloride, dimethyldodecylamiiicq>ropane, 

1 5 N-oetyl-N-etfayl morpholinium ethosulfate (Atlas G-263, Atlas Powder Company). 

The aforementioned bioacti ve agents and surfac e modifying agents are tllustiative c mly. 
Any bioactive agent and/or surface modifying agent which can be incorporated into a 
biocompatible, biodegradable matrix and/or attached to the surfiice of polymer, such as by 
coating r covalent attachment, is within the contemplation f the invention herein. Broadly, 

20 the dasafication f bioactive agents has been broken down into categories dqxnding on the 
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method used to incoiporate them in nanoparticles based on the hydn^obicity/hydrophilicity of 
the agent. 

In acoordanoe with a method embodiment of die present invention, nanoparticles may be 
piqnred by what is generically termed herein as an "in-solvent emulsification-ev^Kiratira* 

5 technique us ing single (<MJ-in-water) or multiple cmulaficaticms (water-in-oil-tn -water) dq)ending 

upon whether the incorporatBd bioactive agent is hydrophobic or hydrophilic, or a 
protein/pqitide-based hydrqihilic agents such as DNA-conta in ing agents. Fo r a semipolar 
bioactive agent, a co-solvent system using a combination of polar and nonpolar solvents is used 
to form a single organic phase to dissolve both the bioactive agent and polymer which, when 

10 emulsified in an aqueous |4iase, forms an oil-in-water emulsion. 

For hydrophobic bioactive agents, the polymer and hydrc^hobic active agent(s) are 
dissolved in an oiganic sdvenL The ofganic solution is added drop-wise to an aqueous solution 
of a detergent, surfactant, m other emulsifying agent, with sonification (IS to 65 Watts energy 
ou^mt over a period of 30 seconds to 20 minutes, prefierably about 10 minutes) to form a stable 

15 emulsion. The sonification takes place over an ice bath in order to keep the polymer from 
mdting. Emulsifying agent is typically present in the aqueous solution in an amount ranging 
from about 0.1% to 10% w/v, and preferably about 1% to 3% w/v. The organic solvent is 
cvsqmrated from the emulsion. The nanoparticles are separated from the remaining aqueous 
phase by oentrifugatitm, or preferably ultracentrifugation (120,000 to 14S,(X)0 g), washed with 

20 water, and re-centrifiiged and decanted. 
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The washed nanoparticles are resti^mded in water by sonication OUustradvdy, 65 Watts 
for one minute over an ice bath) and, in some embodiments, lyophilized for storage and/or 
subsequent processing. Lyophilization is done by first freezing the nanoparticle suspension over 
dry ice for 30-60 minutes and then lyophilizing in a lyophilizer (such as Model FM 3SL plus, 

5 sxAd by The Viitis Company, Inc., GardineTp NY) at temperatures of from about ranging from 

bout -30'' C to -SS*" C under a vacuum of 500 millitorr ot less for a period of time of at least 
24-48 hours. In specific embodiments herein, lyophilization was conducted at a temperature of 
-35" C and vacuum at 55 millitorr for 24-48 hours. The lyq>hilized namqnrticles are stored at 
4* C in an anhydrous environmenL 

10 The nanopaiticles are stored in a desiccated form inasmuch as water can erode the 

polymer. The nanoparticles may be sterilized by radiation, such as gamma radiation (2.5 Mrad) 
or electron beam technology, as is known in the art. In the alternative, the nanoparticles may 
be prqiared in a sterile environment, using sterile components. Of course, other means of 
sterilizing the nancqnrticles can be employed. In addition, the nanoparticles may be stored at 

1 5 room temperature, but are preferably stored at 4"* C. 

Suitable surfiictants useful in the practice of method embodiments of the present 
invention, for making cril-in-water emulsions (f.g.. Examples 1, 8, and 20), include without 
limitation, polyvinyl alcohol; polyoxyethylene sorbitan fotty add esten sold commercially under 
the tradenuurk Tween (Hercules, Inc, Wilmington, DE); polyethylene glycols; triethanolamine 

20 fatty acid estns, sudi as triethanolamine oleate; sodium r potassium salts f fiatty acids, such 
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as sodium oleate; sodium buryl sulphate; cdlulosc acetate; polaxomers such as Pluronic^ F68 
or F127 which are block copolymers of ethylene oxide and prc^ylene oxide available from 
BASF; and quaternary aronumium compounds, such as didodecyldimethyl ammonium bromide 
(DMAB). For making water-in-oil emulsions (f.^., first emulsion in multiple emulsion 

5 Examples S and 10), sorbitan esters of fatty adds, such as those marketed under the trademark 

Span by Hercules, Inc*, fotty alcohols, fiitty adds, and glycerol esters of fatty adds, such as 
glycerol monostearate, are prcfened. 

For hydrophilic bioactive agents, a technique using a co-solvent system has been 
devdqwd. The polymer is dissolved in a nonpolar organic solvent, sudi as methylene chloride, 

10 chloroform, ethyl acetate, tetrahydrofiiran, hexafluonnsopropanol, or hexaflucnoacetone 
sesquihydrate. The water*soluble bioactive agent is dissolved in a semipolar organic solvent, 
such as dimeihylac^amide (DMAC), dimethylsulfoxide (DMSO), dimethylformamide (DKfF), 
dioxane, and aoetime. When combined, the result is an organic phase incorporating both 
polymer and bioactive agent. The organic phase is emulsified in an aqueous solution of an 

1 5 emulsifying agent as described with reqiect to the technique for hydrophobic bioactive agents. 

In some embodiments, an agent can be added to the organic soludon to favor partitioning 
of the hydrophilic bioacdve agent into the organic phase upon solidification of the nanopartides. 
As an example, a fatty add salt, such as sodium palmitate, an anionic agent which forms a 
complex with a cadonic drug, such as ibutilide, to force the ibutilide into the organic {rfiase. 

20 Other agents which favor partitioning into the organic phase include agents that affect the pH 
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of the aqueous phase, or that imease the viscosity of the aqueous phase* Specific examples of 
agents fovor partitioning, include without limitaticm, cationic and anionic lipids (dq)ending upon 
the chaige of the bioactive agent), and multivalent, polycationic agents, such as protamine or 
polyamino adds, including polylysine and polyarginine. 

5 While protons and vaccine antigens, for example, are highly water-soluble, a multiple 

emulsion technique was developed for forming protein-containing nancqKuticles. In this 
technique, the water-soluble protdns are dissolved in distilled water to form a first aqueous 
phase. The poljrnier is dissolved in a nonpolar organic solvent such as chloroform or methylene 
chloride. The protein-containing aqueous solution is emulsified in the organic solution with 

10 smification to form a water-in-oil primary emulsion. A secondary emulsion is formed by 
emulsifying the prinuvy emulsion into an aqueous solution of an emulsifying agent to form a 
water-in-oil-in-water emulsion. The organic scdvent is then evqx>rated from the water-in-oil-in- 
water emulsion. The resulting rumoparticles are separated from the remaining aqueous phase 
by centiifiigation, washed, and lyophilized as previously described. 

1 5 The surface of the pre-formed biocompatible, biodegradable nanoparticle core may be 

m odified to obtain various advant ages. For intravascular targeting of local drug ther^y, for 
example, it would be useful to enhance ration of the nanqarticles by the arterial wall by 
incorporating fibronectin, for example. For use as a vaccine, it would be useful to enhance the 
immunogenidty of dte particles for better adjuvant prop^es. In this case, immunostimulants, 

20 sudi as mununyl dipeptide, Interleukin-2, Lipid A, and the vacdn antigen, such as ch lera 
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tpxi n or the B^hain of ch<rfcra toxin, could be incarponUed and/or adsoffaed to the surface of 
the nanoparticles. Of course, the posnbilides are numerous, and specifically include 
antithrombogenic agents and muooadhesives, fot example. 

Otho- advantages include targeting to cells, proteins, or matrix, protection of the 

5 incorporated bioactive agent, and enhancement of sustained release characteristics. In addition 

to the foregoing, the surface can be modified to increase shdf life, such as by building-in a 
desiocant to prevent aggregation. Moreover, pladng a surfactant or detergent on the surface, 
such as DMAB, or a sugar or polysaoduuide, such as mannitol, ficoll, or sucrose, mitigates 
against the need to sonicate when the stored, desiccated nanoparticles are resuspended prior to 

10 use. 

Surface modification of pre*formed nanoparticles is particularly advantageous since it 
avoids complications with chemical compatibility which could lead to failure of particle 
formation, In a method aq>ect, the surfiace of pre^formed nanoparticles can be modified by 
adsorbing, or i^ysically adhering, at least one surface modifying agent to tiie nanqxuticles, 

15 without chemical bonding. 

One advantageous method for adsmbing a surface modifying agent to the nanopartides 
comprises the stqis of suspending the nanoparticles in a solution of the surface modifying agent, 
or agents, and fireexe-drying the suqienson to produce a coating on tiie nanoparticles. In this 
prefeii ed metiiod embodiment, the pre-formed nanqsartides are suspended in a solution f 

20 surface modifying agent in distilled water, in a concentration ranging from about 0.5% to 15% 
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w/w, and preferably about 5%. Typically the suspension contains about 100 mg to I gram of 
nanopaiticlest and in the embodiments presented herein, about 200 mg. 

In other embodiments of die inventim^ the surface modifying agent is covalently linked 
to the pre-formed nanoparddes. In a inferred advantageous embodiment of the invend<m, a 

5 medxxl has been developed to incorporate reactive epoxide side chains into the polymeric 

material comprising the nanpparticles, which reactive side chains can covalently bind other 
molecules of interest for various drug delivery applications. This technique is particularly useful 
inasmuch as the polylactic polyglycolic acid oo-polymers widely used in drug delivery research 
for biodegradable formulations inherendy lack reactive groups, and therefore, are difficult to 
. 10 derivatize. 

In a method aspect, the nanc^Kuticles are subjected to at least partial hydrolysis to create 
reactive groups on tfie surface which, in die case of PLGA, are hydroxyl groups. However in 
the case of PLGA. However, it is to be understood that die reactive functional groups on the 
polymer may also be amino, anhydrides, carboxyl, hydroxyl, phenol, or sulfhydryl. After 

15 reactive functional groups are created, the nanoparticles are then contacted with reactive 
multifunctional qx>xide compounds to form qM>xy-activated nanoparticles. The epoxy-activated 
nancfartides will chemically bcmd to reactive groups on bioactive agents, which reactive groups 
may be anuno, anhydrides, carboxyl, hydroxyl, (rtienol, or sulfhydryl. 

The qxixy compounds suitable for the practice of the present invention may be 

20 monomers, polyepoxide compounds, or cpoxy reans. Illustrative reactive bifiinctional or 
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polyfuncdcmal qxnides suitable for use in the practice of the invention include, without 
limitation. i,2-epo ud es such as ethylene oxide or l,2-im)|^ene oxide; butane and ethane di- 
glycid)^ ethers, such as diglyddyl butanediol ether, elhanediol diglycidyl ether, or butanediol 
diglycidyl ether (available from Aldrich Chemical, St Louis, MO); eryduiuri anhydride; the 

5 pdyfonctional qnxides sold under the trademark Denacd by Nagaa Chemicals, Osaka, J^; 

efriddorhydrin (Aldrich Chemical, St Louis, MO); enzymatically-tnducible epoxides available 
from Sigma Chemicals, Su Louis, MO; and photo-polymeiizable epoxides (Pierce. Rockfoid, 
IL), In preferred embodiments, the epoxy compounds are Denaocd eporides which are 
polyfunctional polyglyccrol polyglycidyl ethers. For example, Denacol EX512 has 4 epoxides 

.10 per molecule and Denacol EXS21 has 5 qx>xides per molecule. 

In a specific preferred emtxxiiment, the polymer is contacted with the muldfiinctiona] 
epoxide compound in die presence of a catalyst. Suitable catalysts include, but are not limited 
to, tertiary amines, guanidine, imidazole, bonm trifluoride adducts, such as boron trifluoride* 
monoethylamine. bisphosphonates, trace metals (e.g., Zn, Sn, Mg, Al), and ammonium 

1 5 complexes of die type PhNH) + AsF«.. In other embodiments, the reaction can be photoinitiated 
by UV light, for example, in the presence of an approfmate catalyst, which may be titanium 
t^rachloride and fe rroce ne , zirconocene chloride, carbon tetrabromides or iodoform. 

In yet an other method aspect of the inventio n, the surface modifying agent may be 
incorporated as part f the polymer matrix comprising the nanoparticle. In a qmnfic illustrative 

20 embodiment of this aspect f the invention, nanoparticles having an incorporated surface 
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modifying agent which is a bioadhesivc, q)ecifically cyanoa ciylate, are fonned by including a 

cyanoacrylate-contain ing polymer, such as isobutyl cyanoaciylate, in the organic phase . When 

t — ■ 

the nanoparticles are fprmed A v a n i n- s olvmt cmulsificati op-<wttKirationJpchnique (see Example 
14), the cyanoaoylate becomes part of the polymer core. Other polymers which would impan 

5 a bioadheave effect include hydrogds and Pluronics. 

In yet another embodiment of this aspect of the invention, the polymer core is a novel 
epoxy-derivatized and activated polycsqHolactone. Block copolymers having hydrophobic and 
hydrophilic segments are synthesized by multiple reactions between hydroxyl end groups and 
qxixide groups in an illustrative reaction scheme comprising at least the following steps: 

10 (a) dissolving a first polymer-diol in an organic solvent; 

(b) adding a multifunctional epoxide in excess to the dissolved first polymer-diol so 
that one of the epoxide groups of the multifiincticMial epoxide reacts with hydroxyl groups on the 
ends of the first polymer-diol to form an epoxide end-ca^ied first polymer (block A); 

(c) adding an excess of a second polymer-diol (block B) to the epoxide end-capped 
1 5 first polymer block A to form a hydroxy-terminated B AB-type triblock copolymer. 

The multifunctional qmxide suitable for use in ttie practice of this aspect of the invention 
include i,2-qKyxides, l,2-prq>ylene oxides, butane and ethane di-glycidyl ethers, erythritol 
anhydride, polyfimctional polyglycerol polyglycidyl ethers, and epichlorhydrin. 

In some embodiments, the furst polymer*diol is hydrophobic, illustratively 
20 polycaprolactone, polylactides, polyglycolides, and polylactic-polyglycolic acid copolymer. The 
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seccmd polymer-diol, therefore, is hydrofdiilic. Illustrative hydrophilic polymcr-diols include* 
but are not limited to polyethylene glycol, polaxomers, and poIy(propylene oxide). In other 
embodinients, the first polymer-diol is hydrophilic and the second polynier*diol is hydrophobic. 
Advantageously, the molecular weight of the first polymer-diol can be expanded by 

5 q)oxide reaction prior to combination with the second polymernliol in order to control the 

physical properties of the resulting multiblock polymer. Further, the method steps outlined 
above can be repeated to produce multiblock polymers of any desired chain lengtfs. In a 
preferred embodiment, hydroxy-terminated polymen can be further reacted with a 
multifunctional epoxide to form an qmxide end-cqjped polymer. Multiblock copolymers in 

1 0 accordance with the present invention have hydrophobic and hydrophilic s^ments connected by 
epoxy linkages and are hydroxy-terminated or epoxide-terminated with a molecular weight 
between about 6,000 to 100,000 as measured by gel permeation chromatography and intrinsic 
viscosity.. 

An qx>xide-terminated multiblock polymer can then be reacted with bioactive agent(s) 
1 5 having at least one functional group thereon which reacts with epoxide groups, such as amino, 
anhydrides, caiboxyl, hydroxyl, phenol, or sulfhydryl. Of course, hydroxy-terminated polymers 
can react with bioactive agents either through the tenninal hydroxy groups, or through the 
polyfiinctional epoxide groups present in the polymer chain. 

In order to use the nanopartides in a practical embodiment, they may be reconstituted 
20 into a suqpenaon with distilled water or normal saline at phydolQgical pH and osmolarity. 
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Other suitable suspending media include triglycerides, physiologic buffers, serum or other 
Knim/plasma protdn constituents, or tissue culture media with or without serum. Of course, 
exdpients and additives of the type wdl known in the art for use in conjunction with 
pharmaceutical compositions may be added. Such exdpients spedfically indude complexing 

5 agents and permeation enhancers, such as cyclodextians, and osmolarity adjusting agents such 

as mannitol, sorbitol, and ficoll. 

In an alternative embodiment, nanoparticles may be provided in an injectable suspending 
medium which gds after application to the r^ion of injection. For example, the suspending 
medium may be a poloxamer, such as those sold under the trademark Pluronic by BASF, or 

1 0 collagen (Type I, Type n or procollagen) ^ch are liquid at 4* C, but solidify at 37' C. Other 
exemplary suspending media for this embodiment, include hydrogds, such as prepolymeric 
acrylamides which may be catalyzed to form a water-containing gd, cyanoacrylates, and fibrin 
glue (a fibrinogen solution which turns to fibrin after it is injected; commercially available from 
multiple sources, induding Ethicon, Somerville, HI). 

1 5 Tyjrically, the nanoparticles are present in the injectable suspension at a concentration 

ranging from 0.1 mg nanqpartides per ml suspending fluid to 100 mg nanoparticles per ml 
su^iending fluid. For the embodiments containing U86, a hydrophobic antiproliferative agent, 
for example, IS mg nancqiartides per ml is a preferred upper limit since a higher amount causes 
arterial damage. The d sage f bioactive agent carried by the nanoparticles in suspension, of 

20 course, depends on the amount incorporated in the process. A person f ordinary skill in the 
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ait would be able to ascertain the dosage for efficacy and the requisite amount of nanoparticle* 
containing suspension required to adniinister the required dosage. It is to be understood that die 
nanopartides may be zdapttd for administration by other routes, such as orally or to the mucous 
membniK, or may be administered intramuscularly or sut>cutaneously. 
5 Nanoparticles made in accordance with the principles of the invention biodegrade in 

periods of time ranging arc 30 days or less to 6 months or more. Based on prior exp erience 
with PCL in sustained release dosage forms, it is anticipated that embodiments where the 
biod^radable polymer is PCL can provide sustained release of bioactive agent for iq) to 3 years. 

Brief Description of the Drawing 

10 Comprehension of the invention is facilitated by reading the following detailed 

description, in conjunction with the annexed drawing, in which: 

Fig. 1 is a gnqdiical representation of the in vitro release of a hydrophobic bioactive 

agent, U86, from nanoparticles made m accordance with the present invention whidi have been 

subjected to sterilizing gamma radiation; 
15 Fig. 2 which is a gnq>hical representation of the effect of surface modification and 

suspension media on the uptake of U86-containing nanc^Kuticles expressed a /ig nanoparticles 

per 10 mg artery specimen in the ex vrw canine model; 
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Fig* 3 is a plot of neointimal/media area ratios (NI/Kf) plotted against the total injury 
index as a measure of vascular as induced in porcine arteries by an overinflated catheter balloon 
following administration of U86-containing nanoparticles of the present inventicm; 

Fig. 4 is a graphic iq> i e sen tation of the inhibition of restenosis, expressed as the NI/M 
5 ratio, following the local administration of dexaroethasone-containing PLC A nanoparticles after 

triple angioplasty-induoed injury in rats; 

Fig. 5 is a schematic rqmsentation of a synthetic procedure for coupling an epoxide 
compound to an hydroxyl end-group of polymeric nanoparticles, specifically PLGA 
nanoparticles, and subsequent coupling of the resulting qx>xide-terminated polymer with heparin; 
10 Fig. 6 which is a gn^cal representation of the m vitro release of heparin from 

nanoparticles of the type shown as compound 25 in Fig. S, as measured by radioactivity , 
expressed as a percent of bound heparin released over time (days); 

Fig. 7 is an illustrative reaction scheme for the production of block copolymers having 
a hydroph(A>ic PCL s^ment and a hydrophilic segment, which may be a hydrophilic polyether; 
1 5 Figs. B-li show the spectra of starting materials for making the block copolymers in 

accordance with the illustrative reaction scheme of Fig. 7, specifically a polycaprolactone-diol 
(PCLHliol), ttie bydnq^ic polaxomer Pluronic F68 (F68), polyethylene glycol (PEG E4S00)« 
and a multifunctional qxixide (Denacol EX2S2), respectively; 

Fig* 12 is the spectrum of an hydroxy-terminated block copolymer having hydrophobic 
20 (PCL) and hydrophilic (F68) segments are linked by an epoxide (EX2S2); 
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Fig. 13 is the spectnim of an hydiDxy-terminated block copolymer having hydrophobic 
(PCL) and hydrophilic (PEG) segments linked by an epoxide (EX2S2) with a 75:25 molar ratio 
of PCL to PEG; 

Fig. 14 is the spectrum of an hydroxy-terminated block copolymer of the type shown in 
5 Fig. 13» but having a 60:40 molar ratio of PCL to PEG, and therefore, a greater proportion of 

hydrophilic polymer than die copolymer shown in Fig. 13; 

Fig. 15 is a gr^>hic r e pr e sen tation of the percent of albumin (BSA) remaining in 
hydroxy-terminated PCL/F68/PCL nanoparticles made in accordance with Example 18 as 
fimcticMi of time, in days, as compared to the amount of albumin remaining in a physical 
10 mixture, or dispersion, of BSA with the PCL/F68/PCL nanoparticles; 

Fig. 16A through 16C are graphical r e pr e se ntations of the stability of the heparin coupled 
to nanoparticles comprising the triblock copolymers of Table 15 expressed as % bound heparin 
renuuning in the nanoparticles over time in days, qiecifically the triblock copolymers are an 
expanded PCL homopolymer (PCL/PCL/PCL), and hydroxy-terminated ABA triblock 
15 o^dymers of polycaprolactone and Plurcmic F68 (PCL/F68/PCL) or polyethylene glycol 
(PCL/PEG/PCL) as compared to intimate physical mixtures of heparin and the triblock 
copolymers; 

Fig. 17 is a gn4>hical representation of the in vitro release of the hydrophobic bioactive 
agent U86 from heparin-coupled nanoparticles of triblock copolymers as in Fig. 16, expressed 
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as the perceni of U86 released over time in days, as compared to the i/i yntro release of U86 

from PLGA heparin-coupled nanoparticles; 

Fig. 1 8 is a gnq>hical representation of the in vitro release of dexam^hasone, as a percent 

released over time in days, for nanoparticles of triblock copolymers as in Fig. 16 (Table 17); 
5 Fig. 19 which is a graphical representation of the in vitro release of albumin (BSA) 

released from ABA triblock copolymer films having 15% BSA loading and a thickness of ISO 

Mm expressed as the % BSA released over time in days; 

Fig. 20 is a grsqihic representation of the in vitro release of cytochalasin-B from PLGA 

nanoparticles piepaied in accordance with a method of the invmtion expressed as the percent 
-1 0 of total cytochalasin-B released over time (in days); and 

Fig. 21 is a graphical representation of the immune response resulting from subcutaneous 

immunization of rates witii T^anus Toxoid loaded nanoparticles, as measured by IgG Qig/ml), 

at 21 days and 30 days post-immunization, as compared to the immune re^nse in rats 

following subcutaneous immunization with conventional Alum-Tetanus Toxoid conjugate; and 
1 5 Fig. 22 is a plot of ludferase activity (CPM//ig protein) in COS cells transfected with 

qiecimens of DNA Ouciferase)-containing PLGA nanc^iarticles made in accordance with the 

present invention. 

Detailed Description 

In order to form nanoparticles in accordance with tiie present invention, it is important 
20 to reduce the tnterfacial energy at the liquid-liquid interface during processing. The reducti n 
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in interfadal energy results in formaticm of a qxmtaneous and stable emulsion. Reduction in 
interfacial energy can be attained by addition of appropriate emulafiers to either one, or both, 
of the aqueous or organic phases. 

In addition to the use of appropriate surfactant(s), optimization of different formulation 

5 factors, such as the relative volume of the two liquid phases (1:9 is optimal as the internal to 

external phase ratio» however, ratios ranging to about 4.5:5.3 are suitable), and the concentration 
of the polymer and bioactive agent in each, contributes to the overall particle size. The input 
of external energy during the emulsificaticMi procedure, such as by an homogenizer or sonicator, 
results in the formation of extremely small dn^lets of one liquid in the other liquid phase. 

10 Evaporatim of the organic solvent solidifies the liquid dn^lets into small solid particles, termed 
the "polymeric core" in this application. Bioactive agent dissolved in either an aqueous or 
organic phase becomes part of the polymeric core matrix. 

The following are specific examples of nanoparticles and methods of making same in 
accordance with the invention: 

15 L Methods of M aking Nanooarticles 

A. Method for Incorporating Hvdrophobic Bioactive Agents 

EMmpte 1: 

In a typical procedure for incorporating a hydrophobic bioactive agent into nanoparticles 
in accordance with the above-described method aspect, 200 mg f polymer and 60 mg drug are 
20 dissolved in 10 ml of an rganic solvent, such as distilled methylene chloride. The rganic 
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dntg/polymer solution is added drop-wise over a period of one minute (with sonication at 55 
Watts of energy ou^t from a probe-type sonicator) to 40 ml 2% w/v aqueous PVA solution 
(average molecular weight 30,000 to 70,000) that had been saturated with methylene chloride 
and filtered. The PVA solution was saturated with methylene chloride because methylene 

5 chloride, which is partially soluble in water, would cause the polymer to sqiarate from the 

drug/polymer solution immediately upon its addition into the aqueous phase because of diffusion 
of methylene chloride into water. Avoiding premature precipitation aids the creation of an 
emulsion having a relatively uniform particle size distribution. Filtration of the PVA solution 
prior to use is helpful since commercially available PVA (Sigma, St. Louis, MO) ccmtains a 

10 small fraction of high molecular weight PVA molecules (> 70,000) which are not soluble in 
water. Sonication is continued for a total of 10 minutes at 55 Watts. This results in the 
formation of an oil-in-water emulsion. After 18 hours of stirring at room temperature over a 
magnetic , stir plate to evaporate the solvent, nanoparticles are recovered by centrifiigation at 
145,000 g. The recovered nanoparticles are washed three times with distilled water, 

15 resuspended again by sonication in 10 ml distilled water over an ice bath, and lyophilized at - 
60*'under 100 millitorr vacuum for 48 hours. The lyophilized nanoparticles are dried in a 
dessicator for another 48 hours and stored at 4** C in a dessicator until use. 
E?^amplc 2; 

PLGA-lipid nanoparticles were made by dissolving 130 mg PLGA in 10 ml methylene 
20 chloride. A lipid solution (4 ml; available in chl roform at a concentration of 10 mg lipid 
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per/ml from Sigma, St. Louis, MO) was added to the PLGA solution to form an organic phase. 
In this embodiment, the lipid is L-a-dioleoylphosphatidylethanolamine. A hydrophobic drug, 
which in this example is U86 (60 mg), is dissolved in the organic phase. The organic phase was 
emulsified by sonication into 40 ml 2.5% w/v aqueous PVA to form an oil-in-water emulsion. 

5 The organic solvent was ev^xirated by stirring the emulsion in an open container for 16 hours. 

Nancqorticles were recovered by ultraoentrifiigation at 140,000 g, washed three times with 
water, and lyophilized. The PLGA*lipid nanqiarticles were recovered in about 60% yield, with 
U86 loading of 26%. The mean particle diameter was 100 ± 39 nm. 

In this example, the second bioactive agent which is a lipid, functions both as a 

1 0 partitioning agent and a surface modifying agent, 
faampic 3; 

The hydrophobic drug, dexamethasone is formulated into PLGA nanoparticies by the 
following, illustrative procedure. 

600 mg PLGA is dissolved in 24 ml methylene chloride. Dexamethasone (200 mg) is 
1 5 dissolved separately in a combination of 4 ml acetone and 2 ml ethanoL The dexamethasone 
solution is added to the polymer solution to form an organic phase. The organic phase is 
emulsified into 120 ml 2% PVA solution lo fcmn an oil-in-water emulsion. Organic solvents 
are evirated at room temperatures with stirring over a stir plate for 18 hours. Nanoparticies, 
thus formed, are recovered by ultraccntrifugation, washed three times with water, resuspended 
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and lyophilized. This procedure forms nanoparticles in 60% yield, with a drug loading of 
15.5 % w/w, and average particle size of about 160 nm. 
Ewmplc HQ: 

PLGA nanoparticles containing ciprostene, a hydrophobic prostaglandin antagonist 
5 (Upjcrfm, Kalamazoo, MI), were made in accordance with the techniques of Example 1 relating 

to hydrophobic agents, but using a co-solvent system comprising a polar and semipolar organic 
solvent. 

In a typical procedure, 300 mg PLGA is dissolved in a mixture of 7 ml methylene 
chloride and 3 ml acetone. CiprostCTC (70 mg) is dissolved separately in 3 ml dimethyl 

10 acetamide and mixed with the polymer solution to form an organic phase. The organic phase 
is emulsified in 30 ml of 2% PVA solution, adjusted to pH 4.5 with monobasic sodium 
phosphate, using a probe sonicator set at 65 Watts of energy ouq>ut for 10 minutes to form an 
oil-in-watpr emulsion. The emulsion is stirred for 18 hours. Nanoparticles are recovered by 
ultracentrifugation, washed three times with water, resuspended and lyophilized. The pH was 

15 adjusted to favor partitioning of the drug into the organic phase to improve entrapment 
efficiency. 

The ciprostene-loeded nanoparticles had a small mean particle size. At 2L6% w/w drug 
loading, the mean particle diameter was 97.4 ± 38 nm. Another hatch of nanoparticles, having 
15.5% drug loading, had a mean particle diameter of 82.8 ± 54 nm. When subjected to in vitro 
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idease studies (phosphate buffer at pH 7.4, S?"" C), 100% of the incorporated drugs were 
released by 6S days and 40 days, respectively. 

Using standard in vitro platelet aggregometry techniques, a dose-response curve was first 
developed with free ciprostene to detennined its inhibitory potency against standard ADP- 

5 induced platelet aggregation. The IC50 for the drug in this experiment was roughly 0.28 iiglrvX. 

Cmcentrations of PLGA rumq»articles ranging from 0.3 to 30 MS'ml (actual ciprostene 
concentration of 0.06 to 6 Mg^ml due to 20% drug loading) were added to platelet rich plasma 
samples heated to 37"* C. The platelet inhibitory effects were monitored after 1 minute. The 
ICso for the polymer-incorporated ciprostene was 0.59 fig/ml. Non-drug containing PLGA 

10 nanoparticles, as controls, had no obvious effects on the aggr^tion profile of pig platelets to 
the agonist ADP. A comparison of the ICsoS of the ftee ciprostene and the nanoparticle- 
incorporated ciprostene suggests that roughly 39% of the polymer-loaded drug becomes available 
to the platelets in the in vitro system. 

fi^ Method for Incorporating HvdroDhilic Bioactive Ayents 

15 Example 4: 

An illustrative example of incorporating a hydrophilic bioactive agent, ibutilide, into 
PLGA nanopartides is given below. 

In a typical example, a fatty acid solution is formed by dissolving 93 mg of palmitic acid 
sodium salt in a co-solvent system consisting f 2.25 ml dimethyl acetamide and 3 ml methylene 
20 chloride. The fatty acid solud n is warmed over a water bath (temperature <40*' C) until a 
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clear soludcm is fonned. PLGA (275 mg) and ibutilide (25 mg; molar ratio of fatty acid to 
ibutilide is 5:1) are added to the fatty acid solution and are stirred until the solution forms a 
clear gel. While still warm, the clear gd-like solution is added to 20 ml 2% PVA solution 
prqiared in borate buffer saturated with methylene chloride (50 mM , pH 9.0, prqxared by 

5 adjusting the pH of boric add with 5 N HQ). The combinatimi is sonicated at 65 Watts of 

energy for 10 minutes for form an oil*in*water emulsion. The emulsion is stirred over a 
magn^c stir plate for 18 hours. Nanopaiticles are recovered by ultracentriftigation at 14S»000 
g, washed three times with water, resuq)ended in water and lyophilized for 48 hours. In this 
particular embodiment, the nanoparticles were produced in 60% yield with an average particle 

10 diameter of 144 nm and 7.4% w/w drug loading (Sample 22 on Table 3). 

A partitioning agent, which in this case is an anionic fotty acid (palmitic acid) forms a 
complex with the cationic drug, ibutilide, due to ionic interaction. The complex thus fonned 
is hydrophobic and, therefore, partitions into the organic phase. Since the complex is also ionic, 
it will separate again, during bioerosion, into drug and fatty acid to release drug from the 

15 nanoparticles. 

The ratio of semipolar to nonpolar solvenu in the co-solvent system depends upon the 
solubility of the drug and the polymer. The proportion must be adjusted so that the co-solvent 
system dissolves both drug and polymer. A person of ordinary skill in the art would be able to 
select the right combination f solvents on the bans of their polarity for any given drug/polymer 

20 combination. 
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Method for Incorporating Protein/Pq)tide Hvdrophilic Btoactive Agents 

faamplc S: 

A multiple water-in-oil-in-water onulsion technique used to incorporate an exemplary 
protein, bovine serum albumin (BSA), into nanoparticles. 
5 In a typical prqmation BSA (50 mg) is dissolved in 500 ^1 water. A polymer solution 

is prepared consisting of PLGA (150 mg) dissolved in 5 ml methylene chloride. The BSA 
solution is emulsified into the polymer solution with 65 Watts of energy output from a probe 
sonicator to form a primary water-in-oil emulsion. The primary emulsion is further emulsified 
into a PVA solution (2.5% w/w, 40 ml, 30,000 to 70,000 M. Wt.) by scmication at 65 Watts 
.10 for 10 minutes to form a multiple water-in-oil-in-water emulsion. The multiple emulsion is 
stirred over a stir plate for 18 hours to remove organic solvent. Nanoparticles are recovered by 
ultracentrifugation, washed three times with water, resuspended, and lyophilized. The yield of 
BSA-containing nanoparticles made by this technique was 57%. The average particle diameter 
was 160 nm with 18% w/w drug loading. 
15 Method for M aking Ultrasmall Nanoparticles 

Example 6: 

In another preferred q)ecific illustrative embodiment, ultrasmall nanoparticles are formed 
in accordance with the principles of the invention by a technique using a co-solvent system 
which has been developed to further reduce the interfacial energy so that ultrasmall emulsion 
20 droplets ait fomed. Ultrasmall nanoparticles are defmed herein as having a mean diameter f 
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bctwecn about 10 nm to 50 nm, and more preferably 20 nm to 35 nm. In addition to the co- 
solvent system, increasing the amount of eneigy applied with the sonicator probe from 35 to 65 
Watts contributes to the smaller size of the particles. Also» the use of certain emulsifying 
agents, particularly DMAB, cmtribute to the production of ultrasmall nanopartides. Other 

5 cationic detergents, notably cetyl trimethyl ammonium bromide (CTAB), hexyldecyl trimethyl 

ammonium chloride (CTAQ, have been found to produce similar results. 

In a typical example, the co-solvent system is a combination of a nonpolar organic 
solvent, such as methylene chloride, chloroform, or ethyl acetate, and a semi-polar organic 
solvent, such as acetone, dimethyl sulfoxide (DMSO), or dimethyl acetamide. 

10 Polylactic polyglycolic acid cqx>lymer (100 mg) and bioactive agent are dissolved in 5 

ml of an organic co-solvent system of dichloromethane and dimethylacetamide (2:3 by volume) 
to comprise an organic phase. The organic phase is emulsified in an aqueous phase (20 ml) 
containing 2.0% w/v PVA (9,000-10,000 molecular weight, 80% hydrolyzed) by sonication 
uung a probe sonicator with an energy output of 65 Watts for 10 minutes in an ice bath. The 

15 emulsion is stirred for 18 hours at room temperature. Then, the emulsion is dialyzed for 18 
hours using dialysis tubing of molecular weight cut-off 12,000 to 14,000. The particles are then 
lyophilized for 48 hours and desiccated. 

While Example 6 is directed to making ultrasmall nanoparticles incorporating a 
hydrophobic agent, the technique is applicable to hydro{diilic agents. A multiple emulsion 
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tedinique (water-in-oil-in-water), similar to Example S» may be used wherein the hydrophilic 
bioacdve agent is dissolved in the aqueous phase. 
IL Surface Modification Techniques 

Table 1 below is partial listing of surface modifying agents, their intended results, and 
suggested methods of incorporating the surface modifying agent to the nanqnrticles. This list 
is intended to be illustrative, and in no way should be construed as limiting the types of surface 
nnodifying agents contemplated in the practice of the invention. A person of ordinary sldll in 
the art would be able to select appropriate modifying agents for a given purpose. 
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TABLE 1 



NANOPARnCLE SURFACE MODDIC AHONS 
Surface Reason for Modihcaiion Meibods of Incorporation 

MODinCATIONS 



Hcpaxin 


To introduce an anti- 
coagulation factor 


Cross-linked to nanoparticle 
with epoxide 


L-alpha- 

pnospnauayicuianoiaiiunc 


Positively charged lifrid 
to improve arterial uptake 


Incorporated into nanoparticle 
with organic phase 


Cyanoacrylate 


Bioadhesive Polymer 


Incorporated into nanoparticle . 
witn orgamc pnase 


^x>xide 


For greater crosslinldng 
reactivity 


covalently coupled to 
PLGA nanoparticle 


Fibronecdn 


A protein, natural cell adhesive 
with collagen-specific binding 


Adsorbed onto 
nanoparticle surface 


Ferritin 


Receptor specific protein 


Adsorbed onto 
nanoparticle surface 


Lipofectin 


Positively charged lipid, 
ligh affinity for cell membranes 


Adsorbed onto 
nanoparticle surface 


Didodecyimethylam* 
mcMuum Bromide (DMAB) 


Cationic detergent 


Adsorbed onto 
nanoparticle surface 


DEAE-Dextian 


Cationic Polysaccharide 


Adsorbed cmto 
nanoparticle surfiace 


Fibrinogen 


Qotting Factor 


Adsorbed onto 
nanoparticle surface 


PolyclcNial Antibody 


General targeting 


Adsorbed or covalently coupled 


Monocl(MiaI Antibody 


Highly specific targeting 


Adsorbed r covalently coupled 


Calcium Pho^hates, 
Barium Sulfates 


Osteoccmductive 


Adsorbed (Hito 
nanoparticle surface 
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As is evident from Table 1» the invention herein contemplates multiple methods of 
modifying the siufaoe. 

A.. Adsorption of Surface Modifvinp Ayent 

In one technique^ the surface of pre-formcd nanoparticles is modified by providing a coating 
5 of a surface modifying agent which is physically adhered or adsorbed. 

In a typical method for providing an adsorbed coating, the surface modifying agent is 

dissolved in a solvent to form a solut ion and the pre-fo rmed nanoparticles are suspended in the 

*■ - — ■ — ' ' — i . 

solution. The suspension is then freeze-dried to form a coating which is physically adhered, but 
""fM^^emically bonded. More particularly, nanoparticles are suspended in water (usually at a 

10 concentration of 10 mg/ml) by sonication. Then, a measured amount of surface modifying agent, 
either in solution or in dry form is added to the suspension. If the surface modifying agent is 
provided in solution, the solvent should not dissolve the nanoparticles. Suitable solvents include 
polar solvents, such as water, aqueous buffer, saline, ethanol-water, glycerol-water, or 
combinations Itereof. In a typical case, the measured amount is S% w/w of surface modifying 

1 5 agent per mass of nanoparticles. However, it is contemplated that amounts of surface modifying 
agent may range from 0.5% to 15%. The surface modifying agent-containing suspension of 
nanopartides is lyq)hilized in a lyophilizer at 0** C to -SS"* C in a vacuum of 500 millitorr or less 
for at least 2448 hours. 

It should be noted that the concentration range for the bound surface nuxlifier is given for 

20 purposes f illustration only, and can be varied by those of skill in the art because it is greatly in 
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excess of the ther^)euttcally effective amount. The ability to irreversibly bind a high ccmcentration 
of surface modifier to the biomaterial» thereby targeting the bioactive agent to the site of use and/or 
conferring advantageous properties to the biomaterial, is a significant advantage of this invention 
over the prior art. 

5 Example 7: 

In a typical procedure, the surfece nuxlifying agent DMAB is dissolved in 10 ml water by 
gentle vortexing. Nanopaiticles (9S mg, U-86 loaded PLGA nanoparticles made in accordance with 
Example 8) are suspended in the aqueous DMAB solution by sonication for 30-60 seconds over an 
ice bath. The surface-modified nanoparticle suspension is then lyophilized as usual. 

10 B. Incorporation of the Surface Modifvinp Agent Into the Polymer Matrix 

If the surfiace modifying agent is water insoluble, it preferably is incorporated into the 
organic phase of the emulsion while formulating the nanoparticles. 

Eramplc 8: 

A method of in-solvent emulsification-evaporation is used to incorporate hydrophobic 
1 5 bioactive agents into nanoparticles. In the specific illustrative embodiments herein, U86 or the 
adrenocortoccMd, dexamethasone, are model hydrophobic bioactive agents. PLGA and drug are 
dissolved in S ml methylene chloride. The PLGA-drug mixture is emulsified in 40 ml 2.5% w/v 
aqueous PVA (M. Wt. 30,000-70,000) with sonication using a microtip probe sonicator (Heat 
Systems, Model XL 2020, Misonix Inc., Farmingdale, NY) at an energy utput of 65 Watts, over 
20 an ice bath for 10 minutes. The emulsion is stirred for 16 h urs at room temperature to permit the 
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methylene chloride to evaporate. The nanoparticles are recovered by ultracentrifugation at 141 ,000 
g. The recovered nanoparticles are washed three times with water and lyophilized for 48 hours. 
The namqmrticles axe stored in desiccated form. The U86-containing nanoparticles were obtained 
in 80% yield, contained 15.5% w/w drug, and had an average particle diameter of 1 10 nm. The 
dexamethasone-containing nanoparticles were obtained in 80% yield, contaiited 16.05% w/w drug, 
and had an average particle diameter of 108 nm. 

Additional formulations of U86-containing nanoparticles, and surface modified nanoparticles, 
made in accordance with Example 8, are given in Table 2 bdow. Table 2 also gives data relating 
to yield, percent drug-loading, and size in nm. All of the surface modifying agents shown on 
Table 2 were incorporated as part of the polymo* matrix of the PLC A nanoparticles, Le. , were 
added into the polymer solution during formulation in accordance with the procedures of this 
example. The surface modifiers are palmitic acid (PA), beeswax (Wax), both hydrophobic 
materials, isobutyl cyanocrylate (IBCNA), a bioadhesive, and dioleoylphosphatidylethanolamine 
(DOPE), a phospholipid to enhance uptake of the nanoparticles. The numbers which appear in 
conjunction wiA the identification of the surface modifying agents are the weight, in mg, of surface 
modifying agent used in the formulation, e.g., sample 11 contained 108 mg of IBCNA. 



wo 96/20698 



PCT/US96/0O476 



-43- 



mm ^ to O m CO 

41 -H !^ 44 -H -H 



n lo r5 ^ o 



O «n tr O Q oo V) 



?i8 



^ ift tn 

jn 2 JJJ JO 



Q ^ oD 
in ^ u fn 
•H -H -H •« 



T 



Q ^ »^ r«- « — 



IS 



CM m 



^ a -o 

O 00 %o S 
2 S S 5^ 2 S 



I 



I 



2 



«e « (It IK (It w K 
e e o o e o vt 

ri r4 r<i ri (4 r<i 



111111 

f f If f § 

IK tf( lf( IK 

O O in «n in 

f^i r4 «4 r4 r4 



mill 

(K t» i» 

9 *n S; S; 



(s CM m r4 



O O O O O O O 

z z z z z z z 



CD flO * 



o o o o o o 
z z z z z z 



« 



o o o 



S S! 



8 S ^ S 



888888? 

CM ^ r4 r4 n fs n 



n <n ^ m « 



oo 00 



o ^ n 



^ m « 00 » 



.1 



< 

z 



wo 96/20698 



PCT/US96/00476 



-44- 

Hydrophilic-dmg loaded nanoparticles were prepared in acccmlanoe with the method of 
Example 4* Table 3 gives several formulatims for the ibutilide-containing PLGA nanoparticles, 
as well as yield, percent drug-loading, and size in nm. The additive set forth in Table 3, palmitic 
add, functions as a partitioning agent as described in Example 4. 
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Example 9: 

In a typical procedure to incorporate heparin in PLGA nanoparticles, 30 mg heparin is 
dissolved in 500 m1 water and the solution is cooled to 4*" C. Pluronic F-127 (10 mg) is added to 
the heparin solution as a viscosity enhancing agent to favor entrapment of hqsarin in the 

5 nanoparticle matrix core. The mixture is emulsified with sonication (55 Watts energy output for 
10 minutes over an ice bath) with a solution of PIXxA (150 mg) in methylene chloride (5 ml) to 
fi9nn a water-in-oil emuUon. The water-in-<nl emulsion is further emulsified into 20 ml 2.5% 
aqueous PVA solution by sonification for 10 minutes at 55 Watts. The result is a water-in-oil-in- 
water multiple emulsicm. The multiple emulsion is stirred over a magnetic stir plate for 18 hours 
.10 to evi^rate die organic solvents. Nanqnrticles may be recovered by ultracentrifugation or use 
of an Amicon^ (Amicon Inc., Beverly, MA) filtration system. The recovered nanoparticles are 
washed free of un-entrqiped heparin and lyophilized. The yield for the instant method is 45 % with 
an average^ particle nze of 90 nm and 4.8% w/w drug load. Evaluation of the hq)arin-containing 
nanoparticles by standard AFTT testing fcM* anticoagulation activity demonstrated that the hqnrin- 

15 containing nancqarticles had a angulation time of >200 seconds as compared to 13.7 second for 
control nanoparticles which were PLGA nanqxuticles without heparin. 
EMmric 10 

NanqKUticles containing tetanus toxcrid were prepared in an identical procedure to Example 
5 except that the tetanus toxdd (TT) solution (500 contained 11 mg TT and 1 mg surfactant. 
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Plunmic F-127. The yield of TT-ccmtaining nanoparticles was 60% with an average particle size 
of 241 nm and drug loading of 4% w/w (sample 28 on Table 4). 

Additional formulations of BSA and/or TT-containing nanoparticles, with a Plurcmic F-127 
additive are set forth in Table 4. In this case, Pluronic F-127 performs a dual function. It acts as 
a viscosity enhancing agent to favor partitioning and contributes to the formation of a stable 
emulsion. In the case of vaccines, such as in the TT-containing nanoparticles, Pluronic F-127 also 
acts as an adjuvant to enhance immune response. 
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Erperimental Results: 

in Yitm Release Studies 

in vUro Release studies were conducted on the nanopaitides made in accordance with 
Examples 8, 4, and 5 using a double diffusicm chamber whendn die two oompaitments of the 

5 diffusion chamber are separated by a Millipore (100 nm pore size; Millipore Corp., Bedford, MA) 
membrane. The donor side of the chamber was filled with a nanoparticle suspension (S mg 
nanoparticles per ml physiological phosphate buffer (pH 7.4, 0. 154 mM). The recdver side was 
filled with the same buffer. The diffusion cells were placed on a shaker (1 10 rpm) in a 37"" C 
room. Periodically, a sample of buffer was withdrawn from the receiver side and replaced with 
. 10 an equal quantity of fresh buffer. The drug levels in the receiver buffer were quantitated by HPLC 
or other analytical methods. The data was used to calculate the percent drug released from the 
nanoparticles over time. 

The, in vitro release studies of nanoparticles containing U86 showed an initial burst effect, 
followed by release at an exponentially decreasing rate. Similar release rates were observed for 

15 hydroi^ilic and/or protein-containing nanoparticles. Gamma sterilization (2.5 Mrad) did not affect 
the in vitro release characteristics of U86 from the nanqwticles as shown in Fig. 1 which is a 
graphical representation of the in vitro release of a hydrophobic bioactive agent, U86, from 
nanoparticles made in accordance with the present invention which have been subjected to 
sterilizing gamma radiation. 
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Size distribution may be measured by a laser defractometer, such as the Nicomp 370 
Dynamic Laser light Scattering Autocorrelator (Nicomp Particle Sizing Systems, Santa Barbara, 
CA) or similar equipment A suspension of nanoparticles (1 mg/ml) in water of normal saline is 
prepared by sonicatim just prior to analysis. Nanoparticles prepared in accordance with the 
invention were typcally less than 200 nm, and generally in the range of 80-160 nm. The particle 
size distribution analysis of the nanoparticles revealed a uniform and narrow size distribution. 

Scanning electron micrographs were taken of nanoparticles which had been mounted and 
sputtered with gold* The results demonstrated that the particles are of uniform dimensions a with 
smooth surfaces and the absence of any free drug granules. 

«r vfyo Arterial Uptake Studies in a Dog Modd 

Nanoparticles made in accordance with the principles of the invention were evaluated, ex 
VIVO for arterial uptake as a result of surface modification. A dog carotid artery was removed, 
flushed with normal saline to remove blood, and held taut (2.7 cm length) by tying the ends to two 
glass capillary tubes sq»rated by a distance of 2.1 cm on a glass rod. The bottom end of the 
arterial segment was tempc»arily ligated so that a namyparticle suspension (2.5 to 10 mg/ml) 
introduced into the top end under O.S psi pressure was retained in the artery s^ment. After 30 
seconds, the bottom end of the artery was opened and a lactated-Ringers solution was passed 
through die arteiy segment from the tc^ end for 30 minutes at a flow rate of 40 ml/hour. A 2 cm 
segment f the artery was cut from the device, h mogenized, extracted, and quantitated for drug 



wo 96/20698 



PCT/U596/00476 



-51- 

leveb by HPLC. Knowing the extraction efficiency and drug loading of the particles, the amount 
of nanqiarticles retained by the artery segment was calculated. 

In a specific example* PLGA nanoparticles loaded with U86 were manufoctured in 
accordance with the method of Example 8. The unmodified embodiment (sample IS, Table 2), was 
5 used as a control for comparative purposes, i.e., to illustrate the greater degree of retention 
achieved with the various surface-modified particles. Surface-modified nanoparticles, as identified 
on Table 5, were prepared in accordance with the techniques set forth herein (sample 17 on Table 
2). 

Coatings of either 5% DMAB (samples 40-43) or 5% DEAE*Dextran (samples 44-46) were 
10 placed on the sample nanqMutides by the freeze-drying technique descrit>ed hereinabove. The 
results of arterial letentim of the sur&oe-modified nanoparticles in the et vivo dog model are 
shown on Table IS. Nanoparticles modified with S% w/v didodecyldimethyl ammonium bromide 
(DMAB-S%) were the mo^ effective, resulting in 11.4 times more retention of nanoparticles as 
compared to the unmodified nanoparticles (PLGA). 
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TABLE5 



EfSfECT OF SURFACE MODDICATIONS ON 
NANOPARTICLE UPTAKE IN EX VIW MOISL 













AnoiaUof Pwttde 1 






SIZE 


U-86 




fUtemioo in Aftaiy 1 




SAMPLE DESCRIPTION 














(nm) 


Loftdins 




lUtbto 


EfEctcocy 




,::% . 












■ftery 


Sraviel5 


% 


15 


PLGA only 


144±47 


20.4 


29.91 


1 


11.96 


30 


Epoxide 


]20±40 


20.4 


48.31 


1.62 


19.32 


31 


HcptflD 


120±40 


20.4 


73.51 


2.46 


29.40 


32 


FibrooBCtuK 


144 ±47 


20.4 


52.73 


1.76 


21.09 


33 


Ferrilin 


144 ±47 


20.4 


42.44 


1.42 


16.98 


34 


Ltpo£DCtiD0.5% 


144±47 


20.4 


139.6 


4.67 


55.84 


35 


LipofectiDO.5%* 


144±47 


20.4 


177.71 


5,94 


35.54 


36 


DMAS, 2.5% 


144±47 


20.4 


83.67 


2.78 


33.47 


37 


DMAS, 5.0% 


I44±47 


20.4 


340.87 


11.40 


68.17 


38 


lipid N4(PLGA-Ltpid 


I23±37 


21.1 


68.07 


2.28 


27.23 


39 


LACN#2(PLGA-Cyan. 2/8 


133±35 


16.0 


92.00 


3.08 


36.80 


40 


DMAB^ 5.0% 


1Q2±40 


26.7 


128.15 




34.17 


41 


DMAB, 5.0% 


1Q2±40 


26.7 


89.17 




23.78 


42 


DMAB. 5.0% 


I02±40 


26.7 


161.61 




43.10 


43 


DMAB. 5.0% 


1Q2±40 


26.7 


197.12 




52.57 


44 


MB-ll,DEA£-DexlnniS.0 f 1 


1Q2±40 


26.7 


92.99 




24.80 


45 


Ma-11,DEAE-D«unm5.0 #2 


102 ±40 


26.7 


187.77 




50.07 


46 


MB-ll.DEAE*Dextns5.0 f3 


I02±40 


26.7 


96.88 




25.83 


• 


Coocemntkm of NP sinpcmim u 5 mg/nal. 












All ocben m 7JS mgM, 
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In addition to DMAB and DEAEr4extnin» 5 % fibrinogen was placed on PLGA nanoparticles 
by the freeze-drying technique. The PLGA nanppaiticles had a mean particle diameter of 130 ± 
35 nm and a 14.6% drug loading prior to the application of the fibrinogen. The particles were 
suspended in normal saline or a 1:1 mixture of serum and saline and injected into the ex vivo dog 
5 experiments, the mean ± SE uptake of nanoparticles in a 10 mg segment of artery was 38.03 ± 
2.42 9ig, 39.05 ± 3.33 Mg, and 52.30 ± 4.0 §ig, Jtspoc&vdy, for 5% DMAB, 5% DEAE-dextran, 
and 5% fibrinogen. 

To summarize the results, surface modificatim of nanoparticles with DMAB improves 
retention to tissue. DEAE-dextran modified nanoparticles have an increased viscosity in 

10 suq)ension. Fibrinogen-modified nanoparticles facilitate thrombus fornution, thereby aggregating 
the spheres and significantiy improving arterial uptake. A combination of DMAB and fibrinogen, 
for example, would cause initial adhesion, followed by thrombus formation, to secure the 
nanoparticles to the arterial wall for long-term effea. 

In addition to surface modification, the ccmcentration of nanoparticles in the infusion 

15 suspension afficcted the retention of nanoparticles to ttie arterial wall in the cc vivo canine model 
as shown in Table 6 for samples 31 and 34 of Table 5 suspended in normal saline at the listed 
concentrations. 
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TABLE6 



EVALUATION OF U-86 NANOPARTICLE UPTAKE IN EX VIVO MODEL 1 
EFFECT OF PARTICLE CONCENTRATION IN SUSPENSION | 


Original NP Cone. 


NP Uptake in Artery Measured | Amount of NP Uptake* 

WithHPLC - 
NP Cone, in Extract Qig/xxd) | Qig/l cm artery) 



Sample 31 - Heparin 



5 


78.81 


56.29 


10 


133.21 


95.15 


Sample 34 - Uporcctioa 


2.5 


195.44 


139.60 


2.5 


179.39 


128.13 


5 


248.80 


177.71 


• CilcBlrtwl Aon the mm 


iceatreiioo in eitery extract ead the eaeblirttid 70% CuMerBal if interrtiretion) of 


UHMpaftieie recovery froai anay by Ibe estraciun procedure. 





15 

Table 6 shows that an increase in nanoparticle concentration in the suspension enhances the 
iqrtake of nanopartides by the arterial wall. 

Various suspending media were investigated in the ex vivo canine model for their effect on 
nanoparticle retenticm. Nanopartides (Sample 19 on Table 2) were surface modified with DMAB 
20 and DEAE-Dextran. Samples f the surface-modified particles were suspended in distilled water. 
10% v/v aqueous DMSO, or 25% v/v aqueous glycerin. DMSO was used to enhance permeability 
f the arterial wall and glycerin was used to induce transient hypertonic shock at the site of 
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administration to enhance drug delivery across the biologic membranes. The results are shown in 
Fig. 2 which is a graphical rqmsentatton of die effect of surface modification and suspension 
media on the uptake of U86-containing nanqpartides ejcpressed a §Ag nanoparticles per 10 mg artery 
qiecimen. As shown in Fig. 2, an osmotic shock, such as induced by a hypertonic soluticm 

5 (glycerin-water), or the inclusion of a tissue permeability enhancing agent (DMSO) in the 
suq)ending medium improves uptake of the nanoparticles by the arterial wall. 

The entrapment efficiency for nanoparticles made in accordance with the methods at 8, 4, 
and 5 is about 70-80% for hydrophobic drugs, about 45% for hydniphilic drugs, and, 57-67% for 
proteins and vaccines. Typical drug-loading for the various types of nanoparticles are 4% to 28%. 

10 The effect of drug-loading on retention was studied with DMAB-modified nanoparticles and the 
results are shown on Table 7. Interestingly, higher drug loading resulted in lower retention. This 
{rfienomenon very likely reflects a critical change in the hydrophilicity/hydrophobicity characteristics 
of the nanoparticles which affixts their ability to reside in the arterial wall. It is hypothesized that 
higher loadings of the hydrophobic drug U86 gives the particles less affinity with the highly 

15 hydrophilic arterial wall. However, reducing the loading of U86 allows a more fovorable, or 
overall, hydrophilic reaction. 
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TABLE7 



V-96 NANOPARTICLE UPTAKE BY ARTERY IN BX VIVO MODEL USING 
DMAB-MODIFIED FLGA NANOPARTICLES TESTED AT 37*C 

BTect of Futide Sbe and Drue Ludim 


Sample Descriptifm 


Size 
(nm) 


U-86 
Loading 
(%) 


Amount of Particle Retentioo in 
Artery 


(Mg/2 cm aiteiy) 


Retention 
Efficiency (%) 


IS DMAB-S.0% 
IS DMAB-S.0% 


144±47 
144±47 


18.4 
18.4 


278.64 
340.87 


55.73 
68.17 


17 DMAB-S.0% 
17 DMAB-S.0% 
17 DMAB-S.0% 
17 DMAB-S.0% 


102±40 
102±40 
102 ±40 
102 ±40 


26.7 
26.7 
26.7 
26.7 


128.15 
89.17 
161.61 
197.12 


25.63 
17.83 
32.32 
39.43 



in vivo Arterial Uptake Studies in a Rat Model 

Nanoparticles made in accordance with the principle of the invention were evaluated for in 
vivo uptake and r^ention. The left carotid artery of rats, nude Sprague-Dawley weighing 400-500 

15 g, were exposed. A 2F Fogarty embolectomy balloon catheter (BSI, Miimesqx>lis, MN) was used 
to remove ttie endothelial layer of the exposed artery. A 1 mm incision (also known as an 
ar t c riot o roy) was made with an arteriotomy scissors in the rat*s left or right common carotid artery, 
whtdi was restrained by 3-0 alk ligatures to prevent bleeding. A Fogarty catheter (sized 2-0 
French) was inserted into the incision and advanced into the arterial segment to the distal ligature. 

20 The balloon tip of the catheter was inflated with carbon dioxide and the catheter was pulled back 
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and forth three times to create and arterial injury by denuding the endothdium. The catheter was 
then removed. At the same arterial incision, a catheter was inserted into the artery for infusing a 
nanopartide suqiension (200 $d) into the injured section of the carotid artoy while the distal end 
of the artery was temporarily ligated. The catheter was removed after 60 seconds and the port was 
closed. The distal end of the carotid artery was opened to resume normal blood flow. After 2 
hours, both left and right carotid arteries were harvested. The drug levd in the artery samples was 
quantitated to evaluate nanopartide retention in vivo. In a second set of experiments, nanoparticles 
were prqiared so as to contain a fluorescent dye, Rhodamine B. The harvested carotid arteries 
were frozra and cross-sectioned to study the histology and location of the particles in the arterial 
walls. 

DMAS and DEAE-Dextran modified nanoparticles. Samples 40 and 43 on Table 5, were 
used in this in Wvo rat modd to demonstrate that nanoparticles are preferentially taken up at the 
location of infusion (left carotid artery) as compared to the right carotid artery. The results for 10 
mg segments of left carotid artery (ns 11 rats) as compared to right carotid artery are: 7.77 ± 1.46 
^g nanqsartides as compared to 2.98 ± 0.27 /ig nanopartides. Similar results were observed with 
dexamethasone-loaded nanoparticles (2.7 ±1.3/16 nanoparticles per 10 mg s^ment of left carotid 
artery as compared to an undetectable amount in the right carotid artery (n=9 rats; detection limit 
of 0.1 Mg/ing)* 

Histological examination f fluorescent-labded nanopartides which were loaded with 
dexamethasone (15% w/w; Example 3) also revealed significant presence in the arterial wall. 
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Dexamethasone-PLGA nanoparticles containing Rhodamine B as a fluorescent mariccr were 
suqxnded in normal saline (50 mg/ml) and infused into rat carotid artery after triple balloon 
angioplasty denudation as described heronabove. Multiple (four) infusions are made with each 
infusion consisting of 75 ^1 nancqnrticle suqienam. Arterial segments were harvested at different 
5 time periods (24 hours, 3 days, 7 days, and 14 days) and cryosecticmed to observe the presence of 
nanoparticles with a fluorescence microscope. Fluorescent activity was observed in the artery until 
7 days post-infiision. 

Lmp Term in vivo Arterial Uptake Studies in Animal Models 

(1) Wgs 

10 In addition to the in vivo studies with rats, the nanoparticles were tested on pigs, weighing 

between about 30-40 lbs. In each subject pig, the elastic lamina of the coronary artery was 
ruptured by over inflation of a balloon tip catheter. A nanoparticle suspension (2.5 to 10 mg/ml 
in normal saline) was infused at the location of the injury by a Wolinksy (28 or 96 hole) or D-3 
balloon catheter (Sci-Med, Minneiqxdis, MN) at 1*3 atnKx^ere pressure over 1 to 5 minutes. 

15 After 2-6 hours, the coronary arteries were harvested and quantitated for drug levels to calculate 
nanoparticle retention. 

The results an in given in Table 8 for nanoparticles loaded with U86, having the indicated 
surftce modification. Nanoparticles with DMAB surfoce modification were retained in higher 
amounts than unnKxIified nanoparticles. The increased binding demonstrates the tissue specific 
20 increase in affinity Un the surface modified nanoparticles. 
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Thc amount of nanopardcles in the artay after one hour of blood diculation was not 
detectably difTerent from the amount in arteries which were harvested immediately. This result 
indicates that the nanopaiticles have penetrated into the issue and/or cells and can not be washed 
away easily. The fluorescence microscope examination confirmed the retention. No significant 
difference was seen between (he results of delivery with the two types of catheters (Wolinsky and 
Diqxitch). Lower and relatively steady plasma U86 levels were observed after the local delivery 
of nanoparticles as compared to an iv injection of U86 solution. 

U86 loaded-PLGA nanoparticles (15% w/w) with 5% DMAB surface modification and a 
particle size between 100-149 nm were suspended in normal saline at a concentration IS or 30 
mg/ml. The nanoparticles (NP) were administered to pigs which were sacrificed at 30 minutes or 
after one hour. The results are shown on Table 9. 
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Ddivcry of a high concentration (30 mg/ml) of nanoparticles showed an average of about 
45 /ig uptake per 10 mg dry artery in in viw pig studies. The length of the left anterior descending 
coronary artery (LAD) segment utilized for this measurement is about 1.5 cm and weighs about 15 
mg (dry). Therefore, roughly 1 cm of treated LAD will be able to uptake about 45 Mg 

5 nanoparticles by local delivery. There is about 7 /ig net U86 in 1 cm of treated artery. 

In addition to the forgoing, controlled release of U-86 from PLGA nanoparticles locally 
administered to pigs following balloon angioplasty-induoed injured with a Sci-Med Dispatch catheter 
resulted in ngnificant inhibition of restenosis as compared to saline and non-drug containing PLGA 
controls. Fig. 3 is a plot of nedntimal area divided by medial area ratios (NI/Kf) plotted against 

10 the total injury index for the artery as standardized by Ufgohn laboratories fAm. Heart J. . Vol. 
127, pages 20-31 , 1994). The Upjohn test quantifies the severity of vascular damage (injury index) 
and the extent of neointimal (NI) hyperplasia (proliferation index) induced by over-inflation of the 
balloon. The injury index is the internal elastic lamina fracture length divided by the internal elastic 
lamina circumference x 1(X). The data shown on Fig. 3 demonstrate a statistically significant 

1 5 reduction in restenosis with regional release of U86 from nanoparticles or the present invention. 
(2) Rats 

Similar long-term in vivo studies were conducted using rats. DMAB-modified U86- 
ocmtaining PLGA nanoparticles (U86 at 14.6% loading; mean particle aze 130 ± 35; suspension 
concentration f 10 mg/ml of normal saline were infused into the left carotid artery of rats and 
20 subsequently harvested at 2 hours, 1 day, and 2 days post-injection. The amount of nanoparticles 
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Oig) in a 10 mg segment of left artery was 9.00 ± 0.28; 9.19 ± 0.28; and 7.95 ± 0.41, 
req)ectivdy. The right carotid artery of each rat was used as the control. The amount of 
nanopartides Qig) in a 10 mg segment of right carotid artery was 1.01 ± 1.55; 2.77 ± 0.24; and 
0.51 ± 0.60, respectively. 

5 In studies employing PLGA nanopartides incorporating dexamethasone (15% w/w), rats 

were subjected to triple angioplasty injury of the carotid artery. The rats were divided into three 
experimental groups: controls (nanqiarticles with no bioactive agent), animals recdving 
intr a pe rito neal injection of nanopartides containing dexamethasone, and animals to which 
dexamethasone-loaded nancf»iticles were injected into the site of injury. After two weeks, the 

10 injured arteries were harvested and analyzed. Fig. 4 is a grsq>hic r e pr esentation of the inhibition 
of restenosis following the local administration of dexamethasone-containing nanopartides 
(statistically significant; p> 0.006). The dau is expressed as (he NI/M ratio as described 
herdnabove. 

Acute in vivo Studiess of Arterial Umake in Dogs 

15 in vivo Experiments were conducted with dogs, using the DMAB, DEAE-dextran, and 

fibrinogen (5%) surface-modified PLGA nanopartides made in accordance with the method of 
Examples 8 and 7. 

Dogs under general anestheua were subjected to a triple lialloon angioplasty of both femoral 
arteries using a Bard angioplasty catheter. Following dmuding of the endothdium, the damaged 
20 finnoral segment was isolated with ligatures and filled with a smaU volume (200 pX) of a 5 mg/ml 
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suqmsion of nanoparticles in normal saline at one atm pressure. The arterial wall was rqiaired 
to prevent bleeding, and after 60 seconds, blood was pennitted to flow through (ttt artery. After 
30 minutes, the animal was euthanized and the both the damaged artery and the contralateral artery 
were retrieved for analysis by HPLC. The results show that fibrinogen enhances uptake somewhat 
5 as compared to control in both the ex vivo and in vfw studies. Between 40 and 50% of the 
nanqiarticies suspended in the artery for the one minute isolation period were actually taken up by 
the arterial wall. Virtually no nanoparticles were detected in the contralateral artery. Moreover, 
the fibrinogen coated nanoparticles had neariy one and a half time more uptake than the DMAS- 
coated nanq)articles. 

•10 The results for U86-loaded PLGA nanoparticles which had been surfiace-modified with 

fibrinogen and DMAB (S%) in accordance with Example 7 are shown bdow in Table 10. The 
PLGA nanoparticles had a mean particle diameter of 130 ± 35 nm and a 14.6% drug loading prior 
to the a^Ucation of the named coating. The right femoral artery of dog M 2 was analyzed as a 
control to evaluate the systemic distribution of nanoparticles in vivo. The "CONTROL* listed in 

1 5 Table 10 was an artery from a non-treated dog. 
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TABLEIO 





Treatment 


Amount of NP 
in Segment Oig) 


Dry Weight of 
Artery (mg) 


NP Oig) in 10 
mg artery 


Mean ± SE 1 


5 


Fibrinogen: 
Left Femofal #1 
Left Femoral #2 


125.57 
95.65 


30.07 
29.3 


41.76 
32.65 


32.20 ±3.22 1 




Right Femoral 
#2 (as control) 


3.69 


40.47 


0.91 


0.91 


10 


DMAB: 
Left Femoral #1 
Left Femoral #2 
Left Femoral n 


87.54 
43.19 
70.57 


37.93 
18.74 
24.12 


23.08 
23.05 
29.26 


25.13 ± 1.19 ' 




CONTROL 


-0.21 


32.37 


-0.06 


-0.06 



A stmilar in vivo dog experiment was conducted using different delivery techniques. The 
data in Table 10 was obtained following a one*minute residence time in an ligated artery segment. 

15 PLGA nanqnrticles of average particle size 161 ± 42 nm and 15.5% loading of U86 were coated 
with 5% DMAB and subtended in normal saline and administered to dogs as a 15 second exposure, 
or as a series of four 15 second exposures sqxuated by one minute of blood flow. Referring to 
T^le 10, the DMAB-coated nanoparticles were retained in a 10 mg s^ment of femoral artery in 
an average amount of 25.13 ± 1.19 /ig- A 15 second exposure resulted in nearly the same amount 

20 of retention, spcdficaUy 21 .46 ± 0.73 Mg. However, a scries of four 15 second exposures resulted 
in more than double the amount f retention, 49.11 ± 2.42 ^g- 

A rimilar experiment was conducted with rats using DMAB-modified PLGA nanoparticles 
loaded wiA U86 (15.5%; pardcle size 161 ± 42 nm) in normal saline at a concentration of 10 
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mg/ml. The DMAB-coated nanoparticles adminislered in a single. 60 second exposure were 
retained in a 10 mg segment of left carodd artery in an average amount of 9.00 ± 0.28 mE- 
However, a series of four IS second exposures resulted in more than double the amount of 
retention. 20.37 ± 1.37 fig. Controls for this experiment comprised 10 mg segments of untreated 

5 right carotid artery which contained only 1.01 ± 1.55 ftg and 2.08 ± 0.40 fig, reflectively. 

The higher the suspension concentration, the higher the arterial wall content of U86 in the 
acute in vivo dog studies reported herein. Nanoparticles. which were U86-loaded PLGA 
nanoparticles of particle size 120 nm with 15% drug loading and 5% DKfAB surface modification 
(prepared as in Examples 8 and 7) were administered to dogs in concentrations ranging from 5 

10 mg/ml to 100 mg/ml over 15 seconds. Table 11 shows the amount of nanoparticles (f&g) retained 
in a 10 mg segment of artery as a function of nanopartide concentration (mg/ml) in normal saline. 
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TABLEll 



NPconc. 


Amount of NP 


Dry Weight of 


NP Otg) in 10 


Mean ± SE 




in ocginciii 


A f / ffM a\ 

ATicry imgj 


mg anery 




J 111^/ nil 












106.87 


30.31 


21.24 






115.73 


39.52 


29.88 


24.5 ± 3.38 




102.11 


47.23 


21.62 






93.63 


45.65 


20.51 






138.58 


138.58 


19.73 




10 mg/ml 


138.09 


36.84 


37.48 


38.95 ± 




195.43 


48.36 


40.41 


2.07 


IS mg/ml 


282.11 


46.7 


60.41 


59.48 ± 




288.87 


49.26 


58.85 


0.66 


20 mg/ml 


298.87 


38.39 


77.85 


69.41 ± 


288.37 


34.67 


60.97 


5.97 


30 mg/ml 


377.45 


44.55 


84.73 


83.73 ± 




435.48 


52.61 


82.77 


1.38 


SO mg/ml 


611.26 


62.3 


98.11 


96.05 ± 


405.07 


43.1 


93.98 


2.92 


100 mg/ml 


649.74 


58.44 


111.18 


111.18 1 



£L Covalent Attachment of Surfase Modifying Agent Bv Epoxv 

In sdll other embodiments of the invention, the surface modifying agent is covalently linked 
to the pre-formed nanofortides. In a preferred advantageous embodiment of the invention, a 
m^od has been developed to incorporate reactive qx>xide side chains into the polymeric material 
15 comprising the nanopartides, which icactive side chains can covalently bind other molecules of 
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interest for various drug delivery applications. This embodiment is discussed in greater detail 
hereinbelow in Examples S and 86. 

The polylactic polyglyoolic add co-poiynters widely used in drug delivery leseaich for 
biodegradable formulations inherently lack reacdve groups, and therefore, are difficult to derivatize. 

5 A method has been developed to incorporate reactive epoxide side chains, which can covalently 
bind other molecules of interest for various drug ddivery appliczAons. In addition to PLC A, any 
polymer ccmtaining free hydroxyl, amino, sulfhydryl, carboxyl, anhydride, phenol, or the like, 
groiq» can be derivatized by this method aspect of the invention. 

Fig. 5 is a schematic r e pr e se ntation of a synthetic procedure for coupling an epoxide 

1 0 compound to an hydroxyl end-group of polymeric nanoparticles. In the specific embodiment shown 
in Fig. 5, the nanoparticles comprise PLGA (compound 20) and are made by an in-solvent 
emulsification-evaporation technique, for example, such as that described in Examirie 1 . Of course, 
the PLGA. nanoparticles may be formed by any technique prior to epoxide derivatization in 
accordance with this aspect of die invention. 

15 The pre-fbrmed PLGA nanoparticles are suspended in a liquid, illustratively a buffer to 

which a catalyst has been added. In the embodiment shown on Fig. S, the su^iending media is a 
borate bufSer at pH S.O and die catalyst is zinc tetrafluoroborate hydrate, Zxi(B¥^. Suitable 
catalysts include, but are not limited to, tertiary amines, guanidine, imidazole, boron trifluoride 
adducts, such as boron trifluoride-monoethylamine, bisphosphonates, trace metals (e.g., Zn, Sn, 

20 Mg, Al), and ammonium complexes of the type PhNHi + AsF^.. In other embodiments, the 
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leacticMi can be photoinidated by UV light, for example, in the presence of an aiqiropriate catalyst, 
whidi may be titanium tetrachloride and ferrocene, ziiconocene chloride, carbon tetrabromides or 
iodoform. 

An qxKxide compound dissolved in a suitable solvent, such as the buffer, is added to the 

5 nancq»rticles suspension and permitted to react to form an qx>xide-coupled polymer (compound 
22). Referring to Fig. S, the epoxy compound is a polyfiinctional qwxide sold under the trademark 
Denacol (Nagasi Chemicals, Osaka, Japan; compound 21). 

The epoxy compounds suitable for the practice of the present inventicm may be mcmomers, 
polyepoxide compounds, or qxixy resins. Dlustxative reactive Afunctional or poiyfimctional 

10 epoxides suitable for use in the practice of the invention include, without limitation, 1,2-epoxides 
such as ethylene oxide or 1,2-propyIene oxide; butane and ethane di-glycidyl ethers, such as 
diglycidyl butanediol eth^, ethanediol diglycidyl ether, or butanediol diglycidyl edier (available 
from Aldriph Chemical, St. Louis, MO); erythritol anhydride; the polyfunctional epoxides sold 
under the trademark Denacol by Nagasi Chemicals, Osaka, Japan; epichlortiydrin (Aldrich 

1 5 Chemical, St Louis, MO); enzymadcally-indudble epoxides available from Sigma Chemicals, St 
Louis, MO; and photo-polymerizable qioxides (Pierce, Rockford, IL). The Denacol epoxides are 
polyfimcticmal polyglyoerol polyglyddyl ethers. For example, Denacol 512 has 4 epoxides per 
molecule and Denacol EXS21 has 5 epoxides per molecule. 

The reacdve epoxide groups f the epoxide-coupled polymer (compound 22) can then be 

20 reacted with various types of bioactive agents having functional groups which react with the epoxy 
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linkage, such as alcohol, phenol, amines, anhydrides, etc. The result is a covalent link between 
the fimctionalized polymer and Ac bioacdve agent(s) of interest {e,g.^ compound 24). 

In the embodiment of Fig. 5, the bioactive agent of interest is heparin (compound 24). 
Heparin is a highly sulfated polyanionic macromolecule comprising a group of polydi verse straight- 

5 chain anionic mucop(dysacchaiides called glycosaminoglycans (molecular weight ranges from 5,000 
to 30,000 daltons). Hqnrin contains the following functional groups, all of whidi are susceptible 
to reaction with an qxixide group: -NHj, -OH, -C(X>H, and -OSO,. If the reaction between the 
epoxide-coupled polymer and heparin is carried out at an acidic pH (5.0-9.0), the main reaction will 
be with the -NH} groups. The result is PLGA nanoparticles to which heparin is covalently bound 

1 0 (compound 25). Of course, the -OH groups in heparin may react with the qxyxide groups at this 
pH. 

The following are specific illustrative embodiments of the epoxy-derivatization technique. 
Although Example 12 is directed to the binding of heparin to the surface of epoxy-derivatized 
nanqarticles, it is to be understood that the epoxy-derivatization technique can be used to react 

15 various types of bioacdve agents having fimctional groups which react with the qpoxyl^^ such 
as alcohol, phenol, amines, anhydrides, e/c, to nanoparticles. Even proteins and pq>tides, 
including antibodies, can be attached to epoxy-modified nanoparticles to achieve antibody-mediated 
drug delivery systems. Specific examples include heparin, biq;>ho^h(mate, DNA, RNA, and 
virtually any agent which contains hydroxy or amino groups, or which may be derivatizable to 

20 contain reactive groups. 
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PLGA nanopaiticles were prqnred by an in-solvent emulsification-eviqxyration technique 
(similar to Example 8). PLGA (150 mg) was dissolved in S ml methylene chloride which was 

emulsified in aqueous PVA (2.5 X w /v, 20 ml), over an ice bath, using a probe sonicator with an 

< ' ^ 1 — - — . ^ — • — ^ ' 

5 energy output of 65 Watts. The emulsion was stifred wife a mannetic stinine bar at room 
t emperature fa j j hours to permit the methylene chloride to ev^xirate. The nanooarticles were 
recovered by d tra centrifagation, washed three ti incs with water, ap d resuspended in water b y 
sonication for 3 minutes. The resulting suspe nsion was lyophilized . 

The lyophilized PLGA nanoparticles (40 mg) were suspended in 5 ml borate buffer (50 mM, 

10 pH 5) by sonification for 3 minutes. A catalyst, which is in this specific emb odiment, was zin c 
tetiaflu or o borate hyd rate (12 mg) w as added to the nanoparticle suspension . A polyfunctional 
epoxide, Denacol 520 (3 epoxides per molecule, 14 mg) was dissolved in 2 ml borate buffer. The 
epoxide solution was added to the nanoparticle suspension with stirring at room temperature (ST^'C). 
After 30 minutes, the nanoparticles were separated by ultracentrifiigadon and washed three times 

15 with water to remove unreacted Denacol. The resulting product was epoxy-derivatized 
nanoparticles. The reaction of the PLGA nanoparticles and the qxixide was confirmed by proton 
NMR. 

Example 12: 

In a specific illustradve embodiment, heparin is reacdvely bound to the epoxy-derivatized 
20 nanoparticles f Example 1 1 using the immobilized polyfimcd nal epoxide as the coupling agent. 
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An excess of heparin is used so that only cme site on each heparin molecule will react with the 
qxnude gnnip. If a lesser amount of heparin is used, more sites on each heparin molecule will 
react with cpoxy groups which will result in loss of anticoagulation ability. 

PLGA nanopaiticles (40 mg) made in accordance with Example 11 were resuspended in 20 

5 ml borate huffier. A solution of tepaiin (14 mg) in borate buffer (4 ml; pH 5.0) was added to the 
nancqarticles with stirring at 37^ C. The hq>arin solution and the luuioparticles were permitted to 
react for two hours, with gentle stirring. The nanoparticles were sqniated ftom the unreacted 
heparin by ultraoentrifugation and dtalyzing against normal saline over a 26 hour period. The 
resulting hqiarinized nanoparticles were then lyophilized. The heparin content of the nancqsarticles 

10 of this qiedfic embodiment was measured by Toluidine Blue metachromatic assay and found to be 
7.5 §ig/mg nanoparticle. 

The antithrombogenic effect of the bound hq)arin was evaluated by the activated partial 
thromboplastin (AFTT) test. Dog plasma (O.S ml) was mixed with 5 mg heparin-coupled 
nanoparticles and incubated at 3T C for 1 hour with shaking. The thrombin time of the test 

1 5 plasma was determined unng a BBL Fibrosystem Fibrometer (Becton Dickinson Microbiolc^ 
Systems, Cockeysville, Maryland) following a standard procedure. Plasma from the same dog was 
incubated widi PLGA nanoparticles as a control. The heparinized PLGA namqnrticles showed 
significant anticoagulation activity since no clot formation occurred over more than 200 seconds. 
Control panicles which were not reacted with heparin, m the other hand, permitted clotting in 16.7 

20 seconds. 
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The stability of the bound hq»rin was tested with radiolabeled ^^C hqKuin at 37** C for IS 
days. The results are diown on Fig. 6 whidi is a grafriiical rqmsntation of the in vitro release 
of heparin as measured by radioactivity expressed as a percent of bound heparin. About 30% of 
the bound heparin was released from the nanoparticles during the first 5 days. The remaining 70% 
5 was hound with a high levd of stability. About 65% of the hqKurin remained bound to the 
nanoparticles after IS days of release at 37* C. This indicates a stable chemical coupling of 
heparin to the nanoparticles. 

Example 13: 

PLGA nanoparticles were prqsared and qwxy-activated in accordance with the method of 
10 Example 11. The epoxy-activated nanoparticles (70 mg) were suspended in S ml bicarbonate 
buffer. pH 9.2. BSA PO mg) was sqsarately dissolved in S ml of the same buffer, and mixed with 
the nanoparticle suspension. The reaction was allowed to take place for 24 hours at 37** C with 
stirring on a magnetic stir plate. The resulting nanoparticles were collected by ultracentrifugation, 
and washed three times widi either water or phosphate buffered saline (pH 7.4) containing 0.05% 
15 Tween-80. 

The amount of BSA bound to qx»xy-activated nanoparticles (PLGA/BSA+EP) washed in 
dflier (H2O) or buffer is compared to the amount of BSA bound to non-activated PLGA 
nanoparticles (PLGA/BSA) in Table 12. Plain un*activated PLGA nanoparticles, containing no 
BSA, were used as controls. Table 12 demonstrates significantly better binding of BSA on epoxy- 
20 activated nanoparticles. 
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TabkU 



Samples 


Abs. 
60S nm 


BSA 
(Mg) 


Weight of 
NP(ing) 


BSA 
Otg/mg NP) 


Net BSA 1 
Otg/mg NP) 


PLGA 


0.156 


15.92 


9.35 


1.70 


0 


PLGA 


0.202 


22.32 


10.07 


2.22 


0 


PLGA/BSA+EP/HjO 


0.857 


113.49 


5.74 


19.77 




17.87 


PLGA/BSA+EP/Buffer 


0.943 


125.47 


8.14 


15.41 


13.51 


PLGA/BSA/H}0 


0.350 


42.92 


7.26 


5.91 


4.01 


PLGA/BSA/Buffcr 


0.250 


29.00 


3.72 


7.80 


5.90 



It should be noted that, while pie-polymerized and pre-fonned nanoparticles were qx>xy- 
10 activated and derivatized by the method described hereinabove, the monomers comprising the 
polymer, for example, can be fimctionalized prior to polymerization with the reactive qx>xide 
groups without departing from the spirit and scope of the present invention. 
IL Inc^TDOTation of Surface Modifiers Into Pplvmer Core Matriit 

In yet another alternative technique for providing surfiace nnodification, the surface 
15 modifying agent is incorporated into the matrix of the biocompatible, biodegradable polymer 
compri smg die nanoparticle ^core* 

(1) Co^incorporation of a Surfiace-Modifving Polvmer 

In this one aspect of the facet of the invention, the nanoparticle polymer core may comprise, 
at least partially, a biodegradable, biocompatible polymer which has a surface modifying property. 
20 In a specific illustrative embodiment detailed below in Example 14, isobutyl cyanoacrylate is 
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combined with PLGA as (he organic phase of an in-solvent emulsification-evaporation technique. 
The result is nanopartides having a PLC A-cyanoacrylate polymer core. The cyanoacrylate imparts 
a bioadhesive property to the nanopartides. Of course, the amount of cyanoacrylate relative to 
PLGA can be modified. 

5 Other polymers, such as hydrogds or Pluronics, can be co-incorporated with PLGA or 

anotho* biodegradable, biocompatible polymer in accordance with the prindples of the invention, 
to impart a bioadhesive property. Further, it is to be dearly understood that this example is 
illustrative cmly, and that many other polymers can be co-incorporated with biodegradable, 
biocompatible polymers to form combinations having various improved properties, including those 

10 pnqierties attributed to "surface modifying agents* as used herein. 

faamplc 14: 

In a typical prqaraticm, 108 mg PLGA and 36 mg isobutyl cyanoacrylate (Polysdence, Inc., 
Warrington, PA) were separatdy dissolved in S ml methylene chloride and then combined to make 
an organic friiase. U86 (67 mg) was dissolved in the solution comprising the organic phase. The 
15 organic phase was emulsified into 25 ml of 2.5% w/v aqueous PVA with sonication, at 55 Watts 
f energy output for 10 minutes over an ice bath. The organic phase was evqxirated from the 
emulsion at room temperature for 40 hours. The resulting nanopartides were recovered by 
ultracentrifiigation at 140,000 g, washed three times with water, and lyophilized. The PLGA- 
cyanoacrylate nanopartides were recovered in about 65% yidd, with U86 loading of 25%, The 
20 mean particle diameter was 123 ± 37 nm. 
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In yet another embodiment of this aspect of the invention » the biocompatible, biodegradable 
polymer is a novd epoxy-derivatized and activated polycaprolactone. Polyc^nolactone, a 
biodegradable polymer used in the medical fidd, has Icmg-term sustained release potential. 
However, ccmventional polycaprolactones are not useful as carriers for hydrophilic active agents, 
5 or for rqiid release qypUcations* In addition, polycaprolactones lack reactive functional groups that 
can be used to derivatize, or chemically modify, the polymer. 

(2) Polvcanrolacione-containing Mulriblock Copolvmen 

In this embodiment, hydrophilic s^ments, such as poly(ediylene glycol), axe introduced into 
a PCL polymer chain to fcmn novel iHOdegradable hydroxy-tenninatBd poly (ec^rolactone)- 

10 polyether multi-block copolymen useful as carriers for biologically active agents. The novel 
polycaprolactone-based polymers, therefore, have more dearable hydrophilic characteristics than 
conventional polycqirolactone, controllable biodegradation kinetics, and the potential for further 
derivatization, such as through the addition of reactive qx)xy groups as described hereinabove. 
Advantageously, it b possible to form nancqiarticles from the novel polycaprolactone-based 

1 5 polymers of the present invention without the addition of a detergent or emulafying agent. When 
an organic solution of poly(etbylene glycol)-polycaprolactone, for example, or other ttmilar types 
of polymen having both bydxo|rtulic and hydrophobic moiedes in a single molecule, is added into 
an aqueous phase, the hydrophilic portion of the polymer molecule (PEG) will orient towards the 
aqueous phase and the hydrophobic portion (PCL) will orient towards the center of the emulsion 

20 dropl^. Thus, a nanoparticle core ccmsisting of a hydrophobic portion with a hydrophilic surface 
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will be formed. The outwardly facing PEG is a very good miulsifier and will assist in the 
formation of an emulsion. Moreover, PEG will also stabilize the emulsicm and prevent aggregation 

f the emulsion droplets. 

Block copolymers of the hydrophobic PCL segment and a hydrophilic segment, which may 
be a hydrcqihilic polyether, may be synthesized by multiple reactions between hydroxy! end groups 
and epoxide groups in a reaction scheme illustrated in Fig. 7. The illustrative teaction scheme of 
Fig. 7 can be used to chemically link copolymer blocks in ABA, BAB, as well as (AB).» form, so 
that bydrq>hobicity and molecular weight of the block copolymers can be tailored as desired. 
Placing hydroxyl groups on both ends of the block copolymers permits ready chemical modification 
of the polymer, such as coupling to hqarin, albumin, vaccine, antibodies, or other biomolecules. 

Refierring to Fig. 7, compound 2Q is polycaprolactone diol (PCI^Diol). The highest weight 
PCI^oI commercially available has a molecular weight of 3000 which is not long enough to serve 
as a main segment in a copolymer used as a sustained release biodegradable nanoparticle. In order 
to get a higher molecular weight PCL-dioI which will be a solid at the contemplated temperatures 

fuse, PCL-diol (compound 2Q) is reacted with a difunctional qx>xide compound, such as Denacol 
EX2S2 (compound 31) in a 2.5:1 nnolar ratio. An excess of PCL-diol was used in this particular 
case so that the PCL^iol would be an end group in the polymer chain. If the ratio is reversed, 
Le., then is an excess of EX2S2, then the epoxide compound will be an end group in the polymer 
chain. The unreacted PCL is removed by gradient precipitation. The result is an expanded PCL- 
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diol, which in this specific embodiment has the structure: HO-PCL-EX252-PCL-OH (compound 
33). 

Although the difunctional qx>xide, Denacol EX2S2 has been used in this specific 
embodiment, it is to be understood that any polyfuncdonal qxyxide, herein defined as a di- or 

5 multifunctional qx>xide» such as Denacol E7CS21 and EXS12, or l,2-qx>udes, such as ethylene 
oxide or 1,2-propylene oxide, can be used in the practice of the invention. 

The expanded PCL-dtol compound 33 is reacted with excess difunctional epoxide compound 
to achieve end-cqqnng of the PCL-diol with q)oxide groups. Referring to Fig. 7, one of the two 
epoxide groups in the difunctional epoxide compound 31 reacts with the hydroxyl ends of the PCL- 

10 diol compound 33 and leaves the other epoxide group free so that both ends of the PCL-dioI arc 
csqpped by an qx>xide group. The excess epoxide compound is removed by precipitation and 
washing. The result is an qx>xide-cqyped PCL, EX2S2-PCL-EX2S2-PCL-EX2S2, compound 34. 

Compound 34 (Block A) is reacted with an excess of a polyether diol (Block B). In the 
embodiment shown in Fig. 7, the polyether diol is polyethylene glycol (PEG; M. Wt. 4S00), 

1 5 compound 35. Block A is reacted with Block B in a 1:4 molar ratio in this specific embodiment. 
The resulting oopcdymer is collected by precipitation and the excess of polyether is removed by 
washing with water. The final oqiolymer is a BAB triblock copolymer linked with epoxides and 
terminated at bodi ends by hydroxyl groups, compound 36. In this specific example, compound 
36 is HD-PEG-EX252-PCL-EX252-PCL-EX252-PEG.OH. 
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To make an ABA triblock copolymer, the reaction sequence is reversed, Le.^ the polyether* 
did is used to form Block A and the PCX-dioI is used as Block B. In addition* multi-block 
copolymen may be made using ABA or BAB triblock copolymers as a pre-polymer (analogous to 
con^xNmd 33). In other words, the ABA prq»lymer is end<apped with qwxide compound and 

5 reacted with B block which results in a BABAB copolymer or A block for a ABABA copolymer. 
A person of ordinary skill in the art can devise a multiplicity of hydroxy- and/or epoxy-terminated 
polymers using the techniques of the present invention. 

Of course, other hydrophobic polymers may be used tor Block A/B, for example, sudi as 
polylactides, polyglycolides, PLGA, polyanhydrides, polyamino acids, or biodegradable 

10 polyurethanes. Other hydrophilic polymers suitable for block B/A include polaxomers, such as 
Pluronic F68 and Plunmic F127, and poly(propylene oxide) (PPO). 

In choosing A and B polymers, a person of ordinary skill in the art would choose an optimal 
balance of hydrophilic and hydrophobic molecules for a particular application. More hydrophilic 
polymers will have faster drug releasing properties and vice versa. Physical properties, such as 

1 5 shape and stability of the drug system, as well as the molecular weight of the polymer will affect 
the rdease kinetics. The lower the molecular weight of the polymer, of course, the more rapid the 
rate of release. 

The molecular weight of block cqx>lymers made in accordance with the invention is in the 
range f 30,000 to 700,00 as measured by gel permeaticm or intrinsic viscosity, with iqiproximately 
20 90,000 to 100,000 being preferred f r drug delivery i^lications. 
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Example 15: 

In a specific, iUustiadve embodiment, PCL-diol (1.5 g; 0.5 mMoL; Polyscience, Inc., 
Wanington, PA; M. Wt 3,000) was reacted with Denacol EX252 (0.21 g; 0.55 mMoK) in 15 ml 
THFin thei»csenceof Zn(BF4)3 catalyst (2% by weight accmding to epoxide compound) at 37<* 
5 C under stining for 28 hours. To separate tfie expanded PCL-diol from the non*expanded diol. 
gradient precipitation was carried out using heptane and the precipitated, higher molecular weight 
PCL was collected by centrifiigation. The product, which is an expanded PCL^oI, HOPCL- 
EX252-PCL-OH, was washed with 5 ml of hq>tane to remove free qioxide molecules and dried. 

The expanded diol (0.75 g) was reacted with Denacol EX252 (0.42 g; molar ratio of PCL 
10 to EX252 was 1:4) ) in 10 ml THF, in the presence of Zsk(BF;^, at 37* C with stirring for 5 
hours. The polymer was precipitated with 30 ml heptane. The collected product, which is an 
epoxide end-capped expanded PCL, specifically EX2S2-PCL-EX252-PCL-EX252, was washed with 
10 ml of heptane to remove the excesses of epoxide compound and dried. 

&"t™>le 16: 

15 The FEG-terminated compound 36, HO-PEG-EX252-PCL-EX252-PCL-EX252-PEG-OH, 

can be made as follows: 

Compound 34 (1 g) is dissolved in 15 ml THF to which 2 g of PEG (compound 35; 1:3 
molar ratio of compound 34 to PEG) and 20 mg Zn(BF4)2 had been added. The reaction is 
permitted to proceed fior 48 hours, on a shaker table, at 37"* C. The polymer HO-PEG-EX252- 
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PCL-EX2S2-PCL-EX2S2-PEG-OH (compound 36) is precipitated with heptane, centrifuged, and 
washed twice with SO ml of water, 
faamglc 17; 

ABA triblock oopolynten were made in accordance with the illustrative general reaction 

5 scheme of Fig. 7, using the following polyethers as Block A: PEG E4S00» the polaxomers Pluronic 
F68 (F68) and Pluronic F127 (FI27), and poIy(propylene oxide) (PPO). The various polyethers 
were incorporated into ABA triblock copolymers with PCL to obtain polymer specimens with 
varying hydrophilicity and mechanical properties. PPO is a hydrophobic polyether polymer of M 
Wt. 4000. The Pluronics are diblock copolymers with PPO as the hydrophobic block and 

10 poly(ethylene oxide) (PEO) as the hydnq^ilic block. Pluronic F127 has a molecular wdght of 
about 12,600 and is 70% PPO and 30% PEO. Pluronic F68 has a molecular weight of about 6,000 
and is 80%PPO and 20% PEO, and hence, less hydrophilic than Pluronic F127. PEG is the most 
hydrophilic polyether in the groiq>. 

In a specific illustrative embodiment, Pluronic F68 (1.5 g; 0.2S mMoI.) was reacted with 

15 Denacol E7C2S2 (0.42 g) in IS ml THF in die presence of 40 mg Zii(BF^)2 (1:4 molar ratio of F68 
to EX2S2), at 37* C with stirring for 6 hours. The reaction mixture was precipitated in 20 ml 
heptane. The collected product was washed with S ml of hq>tane twice to remove the excess 
unrcacted epoxide, and dried. The result was an epoxide end-capped Pluronic F68 (Block A). 
The epoxide end-capped Plurmic F68 was reacted with PCL^iol (2.3 g) in IS ml THF in 

20 the presence of Zn(BF4)3 at 37'' C with stirring f r 48 h urs. Gradient precipitation in heptane was 
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uaed to sqnrate tbe lesuldng copolymer from non-reacled free PCL. The precipitated copolymer 
was collected by centrifugation and dried. The resulting hydroxy-terminated ABA block copolymer 
is HO-PCLpEX252-F68-EX252-PCL^H, designated as PCiyF68/PCL in Table 9, is shown below: 



The general i«)pearanoe and physical properties of the ABA and BAB triblock copolymers 
formulated in Example 17 are shown in Table 13. The c or responding hydroxy-terminated BAB 
block copolymer^ HO-F68-EX2S2-PCL-EX2S2-F68-OH, is designated as F68/PCL/F68 in Table 
13. The "/* maiks indicate qx>xy linkages in accordance with the present inventim. 

Using tfie sdieme of deagnation, the hydroxy-terminated BAB triblock copolymer compound 
36 on Fig. 7 is PEG/PCL(E)/PEG, vifheic '(E)' indicates that the PCL is expanded with epoxy 
linkages as set forth in Example IS. Of course, the terminology PEG/PCL/PEG would indicted 
an hydroxy-terminated BAB triblock copolymer without additional expansimi of the PCL 
component The corresponding ABA triblock copolymer, HQ-PCL-EX2S2-PEG-EX2S2-PCL-OH, 
or PCL/PEG/PCL, is shown bdow. 
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Tdikl3 



Polymer Type 


Morphology 


Water 
Solubility 


Film-Forming 
Property 


PCL/PEG/PCL 


ciystallizable powder 


insoluble 


strong, flexible 


PEG/PCL/PCL 


crystallizable powder 


swells 


flexible, breaks in water 


PCL/F68/PCL 


crystallizable powder 


insoluble 


strong, flexible 


F68/PCL/F68 


crystallizable powder 


insoluble 


flexible 


FCU127/PCL 


crystallizable powder 


swells 


brittle fllm 


PCiyPPO/PCL 


sticky wax 


insoluble 


does not form film 



Referring to Table 13, the most useful polymers, fiom the viewpoint of drug delivery, are 
10 the copolymers made from PCL and PEG or Pluronic F68. Polymers which do not crystallize, 
such as those containing a high level of PPO, have poor mechanical strength and are sticky. 
Polymers having a large hydrophilic segment, such as the polymer from PCL and Pluronic FI27, 
are difftcuh to separate from the aqueous phase and will not maintain a solid shape in contact with 
water, or body fluids. Successful drug delivery devices comprise polymers which are solid at body 
1 5 temperature, slowly dissolve or erode in the presence of body fluids, and non-inflammatory and 
non-toxic to tissues/odls. Other advantageous characteristics would include high drug loading 
eflfldency, the ability to be derivatized, stability, and, in certain embodiments, the ability to be 
easily suspended in an injectable fluid medium. 

In order to demonstrate that the reaction scheme f Fig. 7 produces ABA triblock 
20 copolymers as alleged, NMR spectra of the PCL/FSS and PCUPEG copolymers were measured 
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on a Bruker AM-360 apparatus using CDCI3 as the solvent A comparison of the proton NMR 
spcctxz. of the starting materials and the final copolymer verified ttie molecular structure. 

For the NMR study reported herein, the reaction compounds were PCL/PEG or PCL/F68 
(see Figs. 13 and 12, respectively). However, when the polymers are used for drug delivery, 
5 further reactions may be carried out to form the triblpck copolymers, PCL/PEG/PCL or 
PCUF68/PCL. 

Figs. 8-1 1 show the spectra of the starting materials PCL-diol, Plunmic F68, PEG E4S00, 
and Denacol EX2S2, respectively. The spectrum of the PCL/F68 copolymer is shown in Fig. 12 
and matches the proposed molecular structure shown hereinabove. Comparing the chemical shifts 

10 in the starting matmds, PCL, F68, and EX2S2, to the shifts observed on Fig. 12, it is certain that 
there are PCL segments (chemical shifts at positions a, b, c, d) and F68 s^ments (chemical shifts 
at positions e and f) in the final product. A small peak at 6 0.7 ppm which has the lowest intensity 
should be the shift of proton h in the -CHj groups in Denacol EX2S2. The reaction between 
epoxide groups and hydroxyl end-groups was confirmed by the diemical shift at 6 3.401 ppm 

15 (proton x) which rqmsents the protons in the linking bonds resulting ftom the reaction. The - 
CH^OH end groups in the final copolymer gave a shift at 3.41S ppm. 

The qiectrum of the block copolymer PCL/PEG is shown in Fig. 13. This spectrum shows 
the same shifts as in Fig. 12 except for proton f which represents the difference between Pluronic 
F68 and PEG E4S00 as shown in the qiectra of Figs. 9 and 10. The PCL/PEG block copolymer 

20 shown in Fig. 13 had a 75:25 molar ratio of PCL to PEG. 
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In the spectrum of Fig. 14, the PCL/PEG copolymer had a 60:40 molar ratio of PCL to 
PEG, and therefore, contained a greater proportion of PEG than the PCL/PEG copolymer shown 
in Fig. 13. The chemical shifts caused by the protons in Denacol EX252 which are extremely weak 
due to their relatively very small amounts, were deliberately enlarged. The chemical shift at 0.71 

5 ppm Offotons h) rq>rcsents 6 protons in the -CH, groups in Denacol EX252 and peak r at 2.64 ppm 
is the shift which comes from the two protons of -CHj in the q>oxide end group in Denacol EX2S2. 
After the qxncide reacted with the polymer diols, the intensity of this proton r was greatly reduced. 
It can be verified by the intensity ratio of h/r. Before reaction, the ratio is 3.6 as shown in Fig. 
11. The ratio changed to 7.7 after the formation of the copolymer (Fig. 14). There is a trace 

10. amount of unreacted qx>xide in the copolymer. This indicates that it is possible that one of the 
epoxide groups can be reacted with the -OH end groups of the poly-diol while leaving the other 
qxnude group free so that an q)oxide-capped copolymer would be formed if excess Denacol EX2S2 
is used. 

EMOrolC 18: 

1 5 Hq»rin and albumin were chemically linked with the terminal hydroxyl groups of the block 

copolymer through use of multi-functional qx>xide compounds, illustratively Denacol EXS2I. In 
this embodiment, Denacol EXS21, with five epoxide groups per molecule, was used as a linking 
reagent instead of die difiinctional Denacol EX2S2 so that more fiee epoxide groups would be 
available f r coupling reactions. An excess of Denacol EXS21 was reacted with the terminal 

20 hydroxyl groups of the polymer particles to f rm epoxide-csqiped ends. The coupling of heparin 
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CR- albumin to tbe PCL-based polymer particles is the same reaction between Ac free epoxide group 
on the polymer ends and amino, hydroxyl, or other functional groups in albumin and heparin 
molecules, as described hereinabove in the section on q>oxy-derivatization. 

Triblock ABA and BAB copolymers of PCL and PEG or F68 of the type described in 

5 Exam]rie 17 were used to make nanopaiticles. A specific illustrative prqMuation scheme is as 
follows: 100 mg polymer was dissolved in S ml methylene chloride and 1 ml acetone. This 
polymer solution was added, with sonication at 55 Watts of energy ou^t, into 20 ml distilled 
water. Sonication was continued for a total of 10 minutes to form an oil-in-water emulsion. 
Organic solvent was evaporated at n>om temperature with stirring for 16 hours. Nanoparticles were 

10 recovered by ultraoentrifiigation at 145,000 g, resuspended, and lyophilized. 

In a specific illustrative embodiment for the surface modification of PCL-based 
nanoparticles, 50 mg polymer nanoparticles were suspended in 10 ml pH 5.0 borate buffer (O.OS 
M). An exjccss of Denacol EX 521 (0.8 g) was dissolved in 5 ml of the same buffer and added into 
the polymer particle suspension. A catalyst, zinc tetrafluoroborate (Zn(BF4)3; 14 mg), was added 

15 with stirring. The reaction mixture was shaken at 37"* C for 30 minutes. The particles were 
ooilected by oentrifugation and the excess epoxide compound was removed by washing the 
separated particles with water. The result was epoxide-capped polymer particles. 

The epoxide-cs^iped polymer particles were resuspended in 10 ml borate buffer and 20 mg 
heparin or albumin was added with stirring. The reaction was permitted to continue for 5 u> 10 
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bours at 37"* C. The final product was collected by centrifugation. Free heparin or albumin was 

removed by washing the nanoparticles three times with water. 

In order to measure the amount of hqnrin or albumin coupled to the polymer particles, 

radiolabeled heparin ('H-hqxarin) and albumin (*^C-aIbumtn) were used in the coupling reaction. 
5 About S mg coupled particles were dissolved in S ml of methylene chloride. The organic solution 

was washed three times with water (7 ml). The concentration of heparin or albumin in the 

combined aqueous extracts was measured by liquid scintillation counting and the amount of total 

heparin or albumin in the polymer particles was calculated from a calibration plot. 

Table 14 shows the results of coupling albumin (BSA) to various block copolymer particles. 
1 0 The nanoparticles made of the polymer PCL/EX2S2/PCL is the expanded PCL-diol, compound 33 

of Fig. 7. 

Table 14 



Specimen 


Amount of BSA 

(mg) 


BSA % (w/w) 
coupled to polymer 


Efficiency of 
BSA Coupling (%) 


PCI7F127/PCL 


1.37 


15.40 


38.50 


PEG/PCI/PEG 


1.19 


11.37 


28.43 


PCL/PEG/PCL 


1.25 


13.17 


32.43 


PEO/PCL/PEO/PCUPEG 


1.36 


13.22 


33.05 


PCL/F68/PCL 


0.82 


6.46 


16.15 


PCL/EX2S2/PCX 


0.33 


3.51 


8.78 
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Referring to Table 14, it is obvious that the amount of albumin coupled to the nanoparticles 
varies with the hydrophobidty of the pdymer. More hydraphilic polymers result in higher 
coupling. Since the coupling takes idaoe at die end of the polymer nK>lecule» the molecular weight 
of die polymer would be an important fadUsft in ooiq)ling efficiency. The higher the molecular 

5 weight, the lower the amount of albumin that can be coupled. A person of ordinary skill in the ait» 
in the pracdce of the invention, would have to balance the desired molecular weight lequired for 
mechanical strength against the bionMrfecular coiq>ling required for a given applicadon. 

For solid dosage forms» e.g. , implants, requiring long-term release, a hydrophobic polymer 
is useful. Hydrophilic polymers are permeable to water or tissue fluid, and will consequently, 

1 0 bioerode more quickly. From the standpoint of making nanoparticles, the hydrophobic/hydrophilic 
balance should be adjusted so diat the polymer can form nantqnrtides without an extenud 
emulsifier. If die polymer is too hydrophilic in nature, or too hydrophcAic, an emulsifier will be 
required to, form nanoparticles. Furdier, if the polymer is too hydrophilic, it will be difficult to 
recover. Of course, hydrophilic polymers will entnq> nnore hydrophilic drug and hydrophobic 

15 polymers will mtnup more hydrophobic drug. A person of ordinary skill in the art can easily 
control these properties by determining the sqipropriate number of hydrophobic and hydrophilic 
segments, as well as thdr relative positions (e.;., BAB or ABA), in the multi-block polymers. 

The stability of die albumin-coupled nanoparticles was tested in a diffusion chamber 
containing phosphate buffer, pH 7.4, at 3T C. Nanoparticles f PCL/F68/PCL mad in 

20 accordance widi Example 18 were su^iended in buffer and continuously shaken. Periodically, 
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sanqries of buffer was lemoved and rq>Iaced with fresh buffer. Radioactivity of the removed buffer 
samples was measured by liquid scintillation counting. In this manner, die stability of albumin 
(BSA) coupled to PCL/F68/PCL copolymer was monitored over a 60 day period and compared to 
a polymer comprising a physical mixture, or dispersion, of BSA with the PCL/F68APCL 
nanopartides. It is to be noted, that die physical mixture of albumin with nanopaiticles is not 
conadered to be part of the invention. 

The results are shown in Fig. 15 which is a graphic rqnesentation of the percent of albumin 
remaining in tiie PCL/F68/PCL nanqpartides as function of time in days. Referring to Fig. 15, 
the chemically coupled albumin was very stable. More dian 90% of the coupled albumin remained 
after 62 days of incubation. The physically mixed albumin/polymer specimen exhibited faster 
leakage than the cou|ded specimen during the first 5 days. The high molecular weight of albumin 
may impede its diffusion from the polymer particles. 

Table IS shows the results of coupling hqarin to various block copolymer particles. 
Approximately 5% w/w hqnrin was coupled to particles of each identified copolymer. 

Table 15 



Spociinen 


Amount of Hqarin 
(mg) 


Hqarin % (w/w) 
coupled to polymer 


Efficiency of 
Hqarin Coapling 
(%) 


PEG/PCUPEG 


0.64 


5.87 


14.68 


PCUF68/PCL 


0.51 


4.95 


12.38 


PCUEX252TO- 


0.46 


5.05 


12.63 
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Heparin-cot^>led nanoparticles were subjected to standard APTT testing. No clotting 
occurred over 200 seconds for dog plasma treated with hepaiin-coupled nanoparticles^ confirming 
the antithiombogenic effect of (tic coupled heparin. In comparison^ un-hqnrinized particles clotted 
widiin 20-30 seconds. 

Figs. 16A tfirough 16C are graphical representations of the stability of the heparin-coupled 
nanoparticles of Table IS expressed as % bound heparin remaining over time in days. The 
chemically coupled hq>arin is substantially more stable than the physically mixed. AtxHit 8SX of 
the heparin remained in the chemically coupled particles after 43 days as compared to 15% in the 
physically nuxed samples. 

EMmplc 19; 

U86 and dexamethasone were incorporated into nanoparticles comprising PCL-based 
copolymers. The nanoparticles were pr ep ar ed by the in-solvent emulsification-evsqx^on 
technique described above (see. Example 18). However, since the block copolymers contain both 
hydrophobic and hydrophilic features, a surfactant is not necessarily required to form the initial oil- 
in-water emulskm. 

The PCL-based polymer and hydrophobic drug were dissolved in an organic solvent, 
methylene chloride. The organic phase was scmicated in an aqueous frtiase, which in tius particu^ 
embodiment was a sodium phosphate buffer (pH 8.0), to form an cnl-tn-water emulsion. The 
organic solvent was evaporated at room temperature with stirring. The nanoparticles were 
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recovered by ultracentrifugation and dried by lyophilizadon. The hydroxy! end groups on the 
block copolymers allowed heparin to couple m the partide suriace. 

In a specific illustrative mtbodiment, dexamethasone (35 mg) was dissolved in a 
combination of 0.5 ml acetone and 0.3 ml ethanol. The drug solution was mixed into a polymer 
solution (100 mg) dissolved in 5 ml methylene chloride. The organic i*ase, containing drug and 
polymer, was emulsified with sonificadon at 55 Watts of energy ou^t. into 20 ml 1% PVA 
solution for 10 minutes over an ice bath to form an oil-in-water emulsion. The organic solvent was 
cvsqxnated at room temperature for 16 hours. The nanopartides, thus-formed, were recoveied by 
ultracentrifiigatimi, washed three times with water, and iyophilized. 

Table 16 shows the mean particle size, drug loading, and heparin coupling to U86- 
ccmtaining nanoparticles. Anti-thrombogenic activity was confirmed by the APTT test which 
showed no clotting in greater than 200 seconds for the hqiarinized nanoparticles. The copolymer 
f F68/PCL/F68 formed the smallest particles due to the long free hydrofrfiilic Pluronic F68 chain 
on both ends of the copolymer. PCL/PEG/PCL block copolymer also formed small particles. 

Table 16 



Specimen 


U86 loading 
(w/w) 


Hq»rin Coupling 
(«) 


Particle Size 1 
(nm) 1 


F68/PCiyF68 


12.8 


3.86 


131.2 


PCUF68/PCL 


25.2 


2.67 


S8S.8 


PCiyPEG/PCL 


16.1 


4.16 


168.5 
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Fig. 17 is a grairiiical rq)Tesentation of the in vitro release of U86 from Ihe heporinized 
nanoparticles expressed as % U86 released over lime in days. Over a 33 day period, about 85% 
of the incorporated U86 is released from PCL/PEG/PCL, 73% from F68/PCL/F68, and 50% from 
PCL/F68/PCL. The nam)partides reinained intact after 33 days in the in MTfo envinmmn^^ It is 

5 hypothesized that release of U86 from the particles in the first 30 days was primarily by diffusion. 
The remaining U86 will be released more slowly as the polymer degrades. Fig. 17 also shows that 
PLGA nanoparticles release a greater amount of drug than the PCL-based triblock copolymers. 

Dexamethasone-containing nanoparticles were made in accordance with this Example and 
incorporated into ABA-type copolymers identified on Table 17 below. Since ABA-type copolymers 

10.. were used in this specific illustrative embodiment, and hence the end segments were hydrophobic, 
a surfactant, qiedfically 1 % aqueous PVA solution, was employed to emulsify the medium. PCL 
homopolymer (PCL/EX252/PCL), the expanded PCL-dioI which is compound 33 on Fig. 7, was 
also used to make dexamethasone-containing nanqparticles for comparative purposes. 

Table 17 shows the particle size, drug loading and results of standard APTT tests of 

1 5 heparin-coupled, dexamethasone-containing nanoparticles. The PCL/F68/PCL nanoparticles were 
particularly small. All particles showed good anti-thrombogenic activity. 
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Table 17 



Specimen 


Dexamethasone 
loading (w/w) 


Particle Size 
(nm) 


Thrombin Time 
(sec.) 


PCIVPEG/PCL 


33.9 


117.5 


>200sec. 


PCL/F68/PCL 


22.1 


72.2 


> 200 sec. 


PCL/EX252/PCL 


28.7 


177.0 


> 200 sec. 



Fig. 18 is a grq)hical representation of the % dexamethasone released in vitro over time, 
in days, for the nanopaitides described on Table 17. Within 21 days» about 80% of the 
incorporated dexam^hasone was released Aom PCL/F68/PCL, 65% froni PCL/PEG/PCL, and 
50% from the PCL homopolymer. Smaller particle size and lower drug loading resulted in quicker 

10 rdease in the first three days as demcHistrated by the PCL/F68/PCL nanoparticle. On the other 
hand, larger particles with higher drug loading demonstrated longer periods of sustained release as 
shown by the results for the PCL/PEG/PCL and PCL/PCUPCL nanopaitides. 

The block copolymers of the present invention can also be used as a matrix carrier for 
oontroUed rdease of biomacromolecules, such as albumin (BSA). Films containing 15% BSA were 

1 5 made from ABA-type block copolymers and PCL homopolymers by hot compression molding at 
130*" F and 1 ton of pressure. The resulting films of about 150 ^m thickness were cut into 1 x 1 
cm pieces and shaken in pH 7.4 phosphate buffer at 37*" C. The amount of BSA released in vitro 
from the films was monitored by measuring absoibance at 595 nm using a BIO-RAD Protein Assay 
reagent (Bio-Rad Company, Hercules, CA). The results are shown in Fig. 19 which is a gr^hical 
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rcpfcscntadon of the in vitro release of BSA expressed as the % BSA released over time in days. 
Referring to Fig* 19, it is obvitMis that the release of albumin from PCiyPEG copolymers is much 
higher than the release from the PCL homopolymer. This suggests that the release of high 
molecular weight proteins, M^ch are typically hydrophilic, from a copolymer matrix is positively 
related to its hydrophobidty. 

Contact angle measurements^ which relates to the interfacial tension between solid polymer 
particles and water, were made to assess the hydnyphilicity/hydrophobidty of several hydroxy- 
terminated triblock copolymers of the present invention, PCL/F68/PCL and PCL/PEG/PCL, as a 
function of molar ratio of hydrophobic to hydrophOic components. The results are shown below 
in Table 18. If the contact angle is small, the polymer surface is hydrophilic and wee versa. 
Hydrophilidty/hydrophobicity may be an important parameter in the cellular uptake of the formed 
nanoparticles in practical embodiments, such as treatment or prevention of restenosis and 
immunization with orally administered vaccines. In the latter case, the uptake of hydrq>hobic 
partides, such as polystyrene particles, by the Peyer*s patches is greater than the uptake of more 
hydrophilic partides, such as PLGA particles. 
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CONTACT DATA 


PCIVF68/PCL 




Molar Ratio of F68 (%) 


Contact Angle ± Standard Deviation 
F68 


1 


0.000 


60.220 ± 0.280 


2 


10.000 


49.730 ± 1.520 


3 


33.000 


34.470 ± 1.360 


4 


40.000 


24.330 ± 1.380 


5 


50.000 


20.460 ± 1.470 


6 


58.000 


16.140 ± 1.020 


PCL/PEG/PCL 




Molar Ratio of PEG (%) 


Contact Angle ± Standard Deviation 
PEG 


1 


0.000 


60.220 ± 0.280 


2- 


30.000 


39.200 ± 1.110 


3 


50.000 


30.020 ± 1.900 


4 


58.000 


18.550 ± 1.320 


5 


80.000 


10.780 ± 1.900 



The foresoing demonstxates that the PCL block copolymers of the present invention can 
be fonned into nanoparticles, heparin can be covalently bound to the surface to confer anti- 
coagulant activity to the nanoparticles, and proteins and/or pq>tides can bt bound to the surface 
and released therefrom. Of course, the PCL*based copolymers of the present invention are 
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derivatizable, and can thus» be reacted with a variety of bioactive agents or surface modifiers. 
In some embodiments, no dtteigents are necessary for the formation of nanoparticles. 
Furtbennore, the imique formulations permits a for wider range of breakdown duration times 
than possible with standard PCL. Breakdown times can range from less than an hour to 
5 months, and even as much as three years based on reports. See, for example, Damey, et al.. 
Fertility and Sterilitv, Vol. 58, pp. 137-143 (1992); Damey, et at.. Am. J. Qbstet Gynecol.. 
Vol. 160, pp. 1292-1295 (1989); and Ory, er a/.. Am. J. Obstet. Gvnecol. . Vol. 145, pp. 600- 
604 (1983). 

In addition to nanqKutides, it should be noted that the novel PCL*based copolymers of 
10 the present invention, and methods of making same, are applicable to the manufacture of 

micropaiticles, nanoparticles, coatings, and biodegradable monolithic drug depots or polymer 
matrices and/or devices, such as surgical sutures, catheter tips, urinary catheters, eic. 
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HL Method of Use Embodimentsr 

The nanoparticle form is particulariy suited for catheter-based local drug delivery at any 
site which can be accessed through the vasculature, or by other interventional means. 
Therefore, the nanoparticles of the present invention are contemplated for use in catheter-based 

5 delivery systems, particularly in interventional cardiology applications and systems and in the 
treatment of the vasculature. Active agents for these applications, include, without limitation, 
dexamethasone, corticosteroids, thrombolytic drugs, calcium channel blockers, anti-platelet 
action drugs, anti-proliferative agents, such as U86, cytoskdetal inhibitors, DNA, anti- 
inflammatories, and immunosuppressants. 

10 (1) Prevention of Restenoris 

In a ^)ecific method of use aspect of the invention, the nanoparticles are useful for local 
intravascular administration of smooth muscle inhibitors and antithrombogenic agents as part of 
an interven^onal cardiac or vascular catheterization procedure, such as a balloon angioplasty. 
Due to their small size, the nanoparticles may penetrate the arterial wall, for example, and 

1 5 freely enter extracellular spaces. 

Nanoparticles are made particularly suitable for intravascular use by co-incorporation of 
one or more additives to reduce thrombogenicity and enhance extracellular matrix adheaon. 
The additives specifically contemplated for this purpose include detergents or surfactants such as 
polyvinyl alcohol, heparin, albumin, cytokines, and various lipids including phospholipids and 

20 &tty adds, or a combination thereof. Surface modification with the detergent, DMAB, 
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produoed the best results, in terms of r^ention, as shown in the experimental results rqx>rted 
hereinabove (see Tables 6 and 7). Modifying the surface chaige of the nanoparticles, imparting 
mucoadhesive properties to the nanoparticles, and loading the nancqiarticles with albumin further 
increased efficacy. 

5 Model bioactive agents for this embodiment of the invention include the hydroph<4>ic 

drugs, U86 and dexamethasone. However, in a specific advantageous embodiment, cytochalasin 
B was formulated into PLGA nanopartides in accordance with Example 20 hereinbelow. 

For treatment of restenosis of vascular smooth muscle cells, preferred therapeutic agents 
include protein kinase inhibitors, such as stauroqxirin or the like, smooth muscle migration 

10 and/or contraction inhibitors such as the cytochalasins, suramin, and nitric oxide*releasing 

compounds, such as nitroglycerin, or analogs or functional equivalents thereof. Cytochalasins 
are bdieved to inhibit both migration and contraction of vascular smooth muscle cells by 
interacting with actin. Specifically, the cytochabuins inhibit the polymerization of monomenc 
G-actin to pcriymeric F-actin, which, in turn, inhibits the migration and ccmtraction of vascular 

1 5 smooth muscle cells by inhibiting cell functions requiring cytc^lasmic microfilaments. The 
cytochalasins include mold metabolites exhibiting an inhibitory effect on target cellular 
metabolism, including prevention of contraction or migration ot vascular smooth muscle cdls. 
Cytochalasins are typically derived from phenylalanine, tryptophan, or leucine and are described 
more particulariy in International lyiplication WO 94/16707 published on August 4, 1994; WO 

20 94/07529 published on April 14, 1994; and Japanese Patent Nos 72 01,925; 72 14,219; 72 
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08,533; 72 23,394; 72 01924; and 72 04. 164. The text of the cited publications is 
inooiporated and included herein by reference. Exemplary molecules include cytochalasin A-H 
and J-S: chaetc^lobosin A-G, J, and K; deoxaphomin, pn>xi{4K>min. protophomin, zygosporin 
I>-G» aspochalasin B-D and the like, as well as functional equivalents and derivatives. 

5 Cytochalasin B is used in this example as a model, and prefened, compound. 

While the present example directly qyplies cytochahsin-bound nanoparticles to vascular 
tissue, it is to be understood that the invention clearly contemplates the surface modification of 
the nanoparticles so as to include binding protdns/pq>tides, such as vascular smooth muscle cell 
binding proteins, to target the nanoparticles. Vascular smooth muscle binding proteins include 

10. antibodies (e.g., monoclonal and polyclonal affinity-purified antibodies, FCab'),, Fab\ Fab, and 
Fv fragments and/or complementary determining regions (CDR) of antibodies or functional 
equivalents thereof; growdi factors, cytokines, and polypeptide hormones and the like; and 
macromolepules recognizing extracellular matrix receptors, such as integrin and fibronectin 
receptors. In additim, binding pq>tides for targeting die nanoparticles would include binding 

1 5 pqyddes for intercellular stroma and matrix located between and among vascular smooth muscle 
cells. These pqvtides are associated with epitopes on collagen, extracellular glycoproteins, such 
as tenascin, reticulum and elastic fibers and other intercellular matrix materials. 

faamplc 20; 

ISO mg PLGA was dissolved in 5 ml methylene chloride and IS mg cytochalasin B 
20 (Sigma Chemical Co., St. Louis, MO) was dispersed in the polymer solution. Acetone (about 4 
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ml) was added drop-wise, with stirring, until a clear solution, or oiganic phase, was formed. 
The organic phase was emulsified in 20 ml 2.5% PVA solution with sonication to form an oil- 
in-water emulsion. The oil*in-water emulsion was sdrred for 16 hours on a magnetic stir plate 
to ev^x>rate the organic solvents. The resulting nanopartides were recovered by 
ultracentrifiigation, washed until free from un<«ntrapped cytocbalasin B and lyophilized for 48 
hours. A typical yield for this procedure is about 60%. The namqnrticles have about 7.08% 
w/w drug loading and an average particle size of 145.4 ± 44.1 nm. 

In order to evaluate cellular uptake of cytochalasin B-loaded nanopartides, a fluorescent 
dye, GOumarin-6, was incorporated into the rtanoparticle formulation of Example 20 
Spedfically, iq>proximatdy 0.1% by weight coumarin-6 was dissolved into the organic phase 
prior to emulsification. The uptake of cytochalasin-B and subsequent retention by B0S4 primate 
smooth musde cells (passage #25) in tissue culture. The target cells were plated out in 100 mm 
plates for 24 hours prior to use at 2.5 x lO' cdls/plate (a confluent monolayer for the culture 
odl). The target cells were exposed to 5 ml/plate cytochalasin B-containing nanopartides made 
in accordance widi this examine (10 ftg/ml in complete media) for one hour at 37*" C. Then, 
the monolayer was washed two times with 10 ml complete media, and re-supplied with 10 ml 
complete media. 

The cells were harvested by trypsin/EDTA cell removal, with low speed centrifugation. 
The cdl pdlet was resuspended in PBS/2% new bom calf serum/0.05% sodium azide. The 
uptake f nanopartides into the cdls was quantified by two methods: by direct measurement f 
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fluorescence by flow cytometry and by fluorescent spectrophotometric measurement of the 
extnurt of coumarin-6 from the cells with ethyl acetate. The results are given below in Table 
19. Hme *0* was harvest time, measurements were made after 2 hours and 24 hours of 
incubation at ST" C. The fluorescence data was collected in log scale and converted to linear 
5 via control samples. The linear values are repotted FE value (fluon intensity). 

Table 19 



Cdlular Fluorescence (flow cytometiy) 


COumarin in Extracts 


Time Posted 
(hrs) 


Fluorescencee 
FE 


% Retention 


Couinarin-6 
(ng) 


% Retention 


0 


871 


100 


1.63 


100 1 


2 


255 


29 


0.S6 


34 1 


24 


145 


16 


0.29 


18 1 



Release of cytochalasin-B was evaluated in vitro over a 30 day period in a double 
diffusion chamber in accordance with the technique described herein, i.r , S mg nanoparticles 

15 per ml physiological phosphate buffer (pH 7.4, 0. 154 mM) at S?*" C. The result are shown in 
Fig. 20 which is a gn4)hic rqnesentation of the m ^ntro release of cytochalasin-B over time (in 
days) expressed as the percent of total cytochalasin-B released into the buffer from nanoparticles 
of the type made in Example 20. A sample of nanoparticles containing the fluorescent dye 
Coumarin-6 was also tested in viiro to ascertain whether the dye affected release of th active 

20 agent from the nanoparticles. 
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The therapeutically effective amount of nanoparticles will dqiend on sevexal factors, 
including the binding affinity of any vascular smooth muscle binding protein associated with the 
nanoparticles, the atnioq>heric pressure upphcd during infusion, the time over which the 
therapeutic agent is applied and resides at the vascular site, the nature of the therapeutic agent 

5 employed, the rate of release of the ther^)eudc agent from the nanoparticles, the nature of the 
vascular trauma and therapy desired, and the intercellular and/or intracellular localization of the 
nanoparticles. For intravascular administration, the nanoparticles are suspended in a suspending 
medium suitable for injection, preferably in a concentration of 0. 1 mg/ml or less to 300 mg/ml, 
and prefierably in the range of 5 to 30 mg/ml. This concentration of nanoparticles is in excess of 

10. the ther^)eutically required amount and is sdll "fluid" for injection. For cytochalasin, a 10^' M 
to 10*" M concentration at the site of administration in a blood vessel is preferred. 

In a preferred embodiment of ttie invention, the lumoparticles formed by the methods 
described hereinabove can be r^onally and selectively injected into a target zone with a custom 
angioplasty catheter develq>ed for this purpose since blood flow must be interrupted during the 

1 5 injection process. Several custom catheters which would be suitable for the purpose are 
currently in the investigational stage. These are the Wolinsky catheter (C.R. Bard, Inc., 
Billerica, MA), the Dispatch catheter (Sci-Med, Minneapolis, MN), and the Cordis Arterial 
Infusion catheter (Cordis Corporation, Miami Lakes, FL). US Patent No. 4,824,436 describes 
a catheter which has the ability to form a blood-free chamber within the artery into which fluid, 

20 such as a solution of hqnrin, can be delivered under pressure. US Patent No. 5,049,132 
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describes yet another catheter adsq)ted for delivery of a liquid therapeutic agent. Of course, 
conventional catheters can be otherwise modified by a person of ordinary skill in the art to 
discharge the novel drug delivery system to an arterial (or other organ) wall. Further, infusion 
needles, or any other means of injecting nanopartides are qyedfically within the ccmtemplation 

5 of the invention. 

In a method of use, the nanopartides are injected under pressure, illustrativdy 2 to 10 
atm, with 3-6 bdng preferred, to the wall of the vessd preceding, during, or subsequent to the 
damaging intervention, such as angioplasty. In a preferred embodiment, the nanopartides 
indude heparin vMch confers antithrombogenic properties in addition to inhibiting smooth 

10 muscle cell proliferati(Mi. In addition, surface modification with the detergent DM AB produces 
excellent results with respect to retention at the site of administration. The nanopartides adhere 
to the intramural tissue and slowly degrade to rdease therapeutic agent which may be smooth 
muscle inhibitors, including agents that modulate intracdlular Ca^' and Ca**^^ binding proteins, 
receptor blockers for contractile agonists, inhibitors of the sodium/hydrogen antiporter, protease 

15 inhibitors, nitrovasodilators, pho^odiesterase inhibitors, phenothiazines, growth factor 

receptor antagonists, anti-mitotic agents, immunosuppressive agents, antisense oligonucleotides, 
and protein kinase inhibitors. 

In an advantageous method aspect, inducing an osmotic shock to the vessd wall with a 
hypertonic soluticm prior to, or contemporaneously with, nanoparticle administration further 

20 enhances drug entry and extracellular matrix penetration. 
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Although disclosed in tenns of preventim of restenosis following angioplasty, the 
method of the piesent invention can be applied to any balloon catheter procedure for such 
conditions as coionaiy artery disease, benign prostatic hypertrq>hy, malignant disorders of 
various tissues available to tubular access, occlusions in peripheral or cardiac vascuhiture, 

5 clearing and restoring prostatic and other intrusions in the urethra, q)ening fallopian tubes, and 
dilating esophageal strictures. Ussue injury and resulting proliferation of smooth muscle cells is 
often a contributing factor to complications from these procedures. Thus, the treatment of 
conditions wherein the target tissue or cdl population is accessible by local administraticm, such 
as by catheter, infusion needle, surgical intervention, or the like, is within the contemplation of 

10 the inventim. 

Specifically included is the treatment of cancer with anticancer agents incorporated into 
nanoparticles made in accordance with Uie present invention. Of course, the anti-cancer-laden 
nanqparticles can be surface nnodified to target and/or oihance retention at the site. Anti-cancer 
agents include, but are not linuted to, alkylating agents, such as mechlorethamine, 

1 5 cyclophosphamide, ifbsfamide, mephalan, chlorambucil, hexamethylmdamine, thiotepa, 

busulfan, canmistine, lonmstin, lomustine, semustine, stqmizocin, dacartiazine; antimetabolites, 
such as methotrexate, fluorouradl, floxuridine, cytarabine, mercaptopurine, thioguanine, 
pentostatin; natural products, such as alkaloids {e.g., vinblastine or vincristine), toxins (e.g,, 
etoposide or teniponde), antibiotics (e.g., such as dactinomycin, daunorubicin, bleomycin, 

20 plicamycin, mitomycin), and enzymes, (e.g., L-asparaginase); biological response modifiers. 
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such as Interferon-a; hormones and antagcmists, such as adienocortocoids (e.g., 
dexamethasooe), progestins, estrogens, anti-estrogens, androgens, gonadotropin releasing 
hormone analogs; miscellaneous agents, such as dsplastin, mitoxantrone, hydroxyurea, 
pnKaitiazine or adrenocortical suppressants (e.g. , mitotane or aminoglutethimide). 

S (2) Sustained RelWHe of Protdn/Pepride Vat^f,„ far ImmimiTation 

In this embodiment, the nanopartides can be orally administered in an enteric c^ule to 
be deUvered to the gastrointestinal tract which will result in result in uptake by the intestinal 
mucosa and the Peyer's patch. This embodiment is useful for immunization with 
protein/pqMide based vaccines, but can be adqMed to deliver gene therapy to the Peyer's Patch 
10 lymphmd tissue. 

Conventional methods of immunization generally require multiple injections at certain 
time intervals to achieve the desired protective immune reqxmse. Thus, multiple contacts with 
health care.penonnd are necessary. This is associated with a high "drop out" rate and a lack 
of cost-effectiveness, particularly in developing countries. It would be advantageous to provide 
15 an orally administered single dose vaccine immunization system which contains both an 

adequate priming dose as well as staged booster dose(s). In addition to securing compliance 
with the doring schedule, sudi a dosage form would be less costly, and hence, more 
competitive. Cost would further be reduced for oral dosage forms which do not require 
needles, syringes, eic. 



wo 96/20698 



PCrAJS96m476 



-106- 

The sustained release of antigens from nanoparticles, and its subsequent processing by 
the macropbage and presentation to the immune system, results in an immune response. A 
single dose oral vaccine usiiig csqisule-inotected nanoparticles of the type made in accordance 
witti the present invention has been shown to achieve an immune response comparable to that of 

5 the conventional mettiod of subcutaneous immunization with alum t^anus-toxoid. The capsule 
is designed to protect the nanoparticles and encs^ysulated antigen from gastric enzymes and 
acidic pH, and to release the enclosed antigen loaded nanoparticles in a burst in the ileum for 
optimal uptake by the gut-assodated lymphoid tissue (and subsequent delivery to the mesenteric 
lymph nodes) in order to induce an immune response. 

10 The capsule may comprise a protective time-rdease capsule of the type known in the 

prior art, and preferably is an osmotically controlled, time-release capsule of the type disclosed 
in USPN 5,229,895 issued on July 20, 1993, the disclosure of which is incorporated herein by 
reference. .However, any cq>sule coated with enteric polymers can be used for the purpose. 
Such enteric polymers include cellulose acetate phthalate, shellac, Eudragit (sold by Rohm 

1 5 Pharmaceutical, Philadelphia, PA), etc. ttiat bypass the acidic pH of the stomach and dissolve in 
the intestine. The time of rdease of the capsule contents depends upcm the number of polymer 
coats and structure as is known in the art. 

In the particular embodiment described herein, the nanoparticles are contained in a 
PORT" system capsule (TSRL, Ann Arbor, MI) which is an oral drug delivery system designed 

20 to bypass die stomach and rdease a dose of drug to the gastrointestinal tract at specific times. 
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The design of the PORT* system is based on controUing the flux of water into a gelatin capsule 
via a polymer fUm coating which r^ulates water flux into the capsule. As the capsule travels 
down the gastrointestinal tract, pressure buUds inside the capsule from the influx of water and 
forces the contents out in a pulse. The influx of water is regulated by varying the thickness of 
the polymer film coating on a gelatin capsule wall. The coatings used in this particular 
embodiment were cellulose acetate which n^ulates water flux into the c^ule and cellulose 
acetate phthalate which resists stomach add, but dissolves at intestinal pH. As the amount of 
coating applied to capsule is increased, the permeability and water flux decreases. The decrease 
in water flux decreases the rate of pressure build-up within the c^le, thereby prolonging the 
time of the pulse. The pulse times can iUustratively range from 4 to 9 hours for film coatings 

f4 to 11%. 

In addition to containment in a controlled-release capsule, the nanoparticles can be 
adqyted to have staged, variable breakdown periods to achieve priming and booster doses. 
Formulation of a biodegradable polymeric non-antigen-containing sealing coat(s) which delays 
hydrolyns of the biodegradable polymer, and surface modification as described herein, are 
several of the techniques whidi may be used to vary the breakdown rate. 

Although the following example is directed to the use of nancqiarticles for the delivery of 
tetanus-toxoid vaccine as the model protein-based vaccine, it is to be understood that the system 
may be usefiil for delivery f other vaccines, or combinations of vaccines, to achieve long-term 
protective immune responses against any vaccine-preventable disease. Illustrative examples are 



wo 96/20698 



PCT/DS96aM)476 



-108- 



bacterial vaccines such as tetanus, choleia toxuit hqntitis B, acellular pertussis. Staphylococcus 
enterotoxin B, pneumococcus, Stq>hylocoocus and Streptococcus antigms, and others, including 
combined diphtheria, pertussis, and tetanus (DPT); E Coli (enteropathogenic); and viral 
vaccine proteins, such as aO AIDS antigens, viral proteins (e.g., influenza virus proteins, 

5 adenomus, and others); live virus in microcapsules (e.g., attenuated poUovinis), Hepatitis viral 
components. Rotavirus components. 

Orally administered controlled release nanopartides can induce a secretory immune 
response (IgA) in addition to a systemic immune reqxmse (IgG). This would be particulariy 
useful for the prevention of respiratory, vaginal, and gut-associated mucosal infectious diseases. 

10 EMmplc2l; 

Tetanus-toxoid (provided by the Serum Institute, Pune, India ) was loaded into PLGA in 
the water-in-ml-in-water emulsification technique of Example 10 hereinabove. The technique 
produced a 57% entr^ment efHdency with 12% antigen loading. Particle size distribution 
studies revealed a tmiform particle distribution with a mean particle diameter of 1S4.3 T 82.7 

15 nm. The in vitro rdease rate of tetanus toxoid from the PLGA nanpparticles into a phoq>hate 
buffered saline at 37^ C approximates first order kinedcs. 

More particulariy, tetanus toxoid and a viscosity enhancer, Pluronic F-12S (BASF, 
Parsippany, NJ), are dissolved in water* PLGA (30:50, molecular wdght 90,000, inherent 
viscosity, 1.07; Birmingham Polymers, Inc, Birmingham, Alabama) is dissolved in methylene 

20 chloride (3% w/v). The tetanus toxoid solution and the PLGA solutions are sonicated to form a 
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water-in-oi] primary emuhum. The primaiy emulaon is then emulsified into an aqueous 
sohition of PVA (2.5% w/v) to fonn a water-inKril-in-water emulsion. The oisanic solvent is 
then evqmrated, the nanqpaiticles are recovered by ultiacentrifugation. washed three times with 
water, resuqxnded in water and lyophilized. 
5 Example 22-. 

Nanoparticles incorporating BSA and 0.05% Rhodamine dye were administered to a 
group of rats (male, Spiague-Dawley, 230-250 mg) in order to detect their presence in the 
intestinal mucosa and Peyer's patch lymphoid tissue. The nanoparticles used in this study had a 
particle size of 150 7 48.5 nm. Fluorescent microscopy revealed significant uptake of the 
10 nanoparticles in the Peyer's Patdi lymphcrid tissue. 
Example 2V. 

The use of the nanqartides of the present invention as a drug delivery device for 
vaccines has been demonstrated by studies in rats. Tetanus Toxoid loaded nanqxuticies (15 
were prepared and subcutaneously injected in tats. The immune response, as measured by IgG, 
1 5 ng/mi, was oonqtared to the immune reqionse in rats to which conventional Alum-Tetanus 
Toxoid conjugate (Pasteur-Meiieux through US suppUer, Connaught Laboratories. Inc., 
Swiftwater, PA; 5 had been subcutaneously administered. Hie results are shown on Fig. 21 
which u a gnq>hic representation of the immune response, as measure by IgG, ng/nA, at 21 
days post-immunization and 30 days post-immunization. 



wo 9600698 



PCT/US96/00476 



-110- 



The immune reqxmse in the short-tenn was virtually identical. The nanqnrticles 
continue to release Tetanus Toxcnd for 30 days» thus prolonging the sensitization-exposure 
period and enbandng the long tem immune reqxMise. Further, the results demmstrated that 
the immunc^genicity of Tetanus Toxoid is not adversely affected by the nanopartide formulation 
5 procedures* 

As demonstrated above, the nanoparticles of die imsent invention can be ads^sled for 
oral administration, as wdl as intravascular or subcutaneous administration, for sustained 
release of drugs or vaodnes or used as an immunological adjuvant for immunization. Vaodnes, 
as well as gene therapy fior die paraintestinal lymphoid system, can be orally administered. 
10 In addition to the foregcring, nanoparticles suitable for vaccination can be administered 

via the following routes: intramuscular, subcutaneous, oral, nasal, intnperitoneal, rectal, and 
vaginal. 

(3) Gene Therapy 

The nanoparticles can be used to deliver genetic material in a targeted manner. In this 
15 qjplication, the nanqartides can be formulated for administration via the oral route or the 

mucous membrane. The nanoparticles are capable of sustained administratis of gene thei^, 
particularly to the lynnphoid system surrounding the ileum as described herdnabove. 

However, nanoparticles containing genetic material can also be devised and targeted for 
site-specific ddivery to other cdls or tissue types by injection and/or implantation. Also 
20 spedfically contemplated are genetic material suitable for the DNA or anti-sense treatment of 
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careUovascular disease, including platelet-derived growth factor, transforming growth fecton, 
alpha and beta, fibroblast growth factors (acidic and basic), angiotensin n, hqnrin-binding 
qridemud growth factor-like molecules, Intoieuldn-l, alpha and beta, Interleukin-6, insulin- 
like growth factors, oncogenes (c-myb, c-myo, fos, and others), prolifierating cell nuclear 

5 antigen, cell adhesion molecules (intracellular adhesion molecules, vascular cell adhestcm 
nudecules, and others), and platelet surface antigens (lib /ma and others). 

In another illustrative embodiment, the nanopardcles of the present invention may be 
used as a carrier for nucldc adds, such as an osteotropic gene or gene segment. The 
nanoparticles have the capability of transfierring nucleic adds into bone cdls and tissues for 

10 promoting bone growth and r^eneration. In one ^lecific embodiment, an osteotnqnc gene or 
gene segment is transferred into bcme progenitor cells to stimulate progenitor cells and promote 
increased bone formaticm. The DNA-carrying nanopartides may be injected to the site, which 
may be bone or skeletal connective tissues, such as tendons, cartilage, and ligaments. Specific 
examples indude bone morphogenic protdns (BMP2 and 4 and others), transforming growth 

1 5 factor, such as TGF-^1-3, activin, i^iosphoproteins, osteonectin, osteopontin, bone sialoprotdn, 
osteocalcin and other vitamtn-k dependent proteins, glyccqiroteins, sudi as aggrecan, glycan, 
and odien, and collagen a» n, and oOttn). Further spedfic examples are described in co- 
pending US patent application numbers 08/199,780 filed on February 18, 1994 and 08/316,650 
filed on September 30, 1994, assigned to the assignee hereof, the disdosures f which are 

20 incorporated by refierenoe herein. 
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Regulatory (actors involved in bone iqair are known to include systemic bonmmes, 
cytokines, growth factors, and other nMdecules that regulate growth and differentiation. Various 
ostecMnductive agents have been purified and shown to be polypeptide growth-factor-like 
molecules* These stimulatory factors are referred to as bone moiphogenetic or morphogenic 
protdns (BKfPs), and have also been termed osteogenic bone inductive proteins or osteogenic 
proteins (OPs). Several BMP genes have now been cloned and the common designations are 
BMP-1 through BMP-8. 

BMPs 2-8 are generally thought to be osteogenic, although BMP-1 is a more generalized 
morphogen (ShinteU, et al., 1991). BMP-3 is also called osteogenin (Luyten, et al., 1989) and 
BMP-7 is also called OP-1 (Ozkaynak, ei al., 1990). BMPs are related to, or part of, the 
transforming growth factor-/} (TGF-P) superfamily, and both TGF-^l and TGF-/J2 also 
regulates osteoblast function (Seitz, er al. , 1992. Several BMP (or OP) nucleotide sequences 
and polypq>tides have been described in US Patents, e.g., 4,795,804; 4,877,864; 4,968,590; 
5,108,753; including specifically BMP-1 disclosed in 5,108,922; BMP-2A in 5,166,058 and 
5,103,649; BMP-2B in 5,013, 649; BMP-3 in 5,116,738; BMP-5 in 5,106,748; BMP-6 in 
5.187.076; BMP-7 in 5,108,753, and 5,141,905; and OP-l, COP-5 and COP-7 in 5,011,691. 
In addition, an article by Wozny, er al. is incorporated herein by reference to describe BMP 
molecular dones and their activities. The cited literature, including the patent literature 
specifically, also teaches how to prepare an osteotropic gene segment r cDNA. 
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Othcr growth factors or hormones that have been reported to have capacity to stimulate 
new bone formation include acidic fibroblast growth factor, estrogen, macrophage colony 
stimulating factor, and calcium r^ulatory agents sudi as parathyroid hormcme. The use of 
bme stimulating proteins and polypqitides, particularly recombinant BNfPs, has also been 
5 investigated. 

In the instant invention, nucleic acid segments are transfentd into bone progenitor cells 
or dsmes at the site in vivo. The nucleic add segment may be DNA (double or single-stranded) 
or RNA {e.g., mRNA, IRNA, rRNA); it may be a "coding s^ent", and antisense nucleic add 
molecule. Thus, the nucldc add segments may be genomic sequences, including exons and 

10' introns alone or together, or coding cDNA tegims, or in fact any construct that one desires to 
transfer to a bone progenitor cell and virtually any form, such as naked DNA or RNA, 
including linear nuddc add mdecules and plasmids, or as a functional insert within the 
genomes of various recombinant viruses, including viruses with DNA genomes and retroviruses. 
Tbc invention may be employed to promote expression of a desired gene in bone cells or 

15 tissues and to import a particular desired phenotype to the cells. This expressicm could be 

increased expression of a gene that is normally expressed , or it could be used to express a gene 
that is not normally associated with bone progenitor cdls in their natural envircmment 
Alternativdy, the invention may be used to suppress the expresaon of a gene that is naturally 
expressed in such cdls and tissues, and again, to change r alter the phenotype. Gene 
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sqqiression may be a way of expressing a gene tfiat encodes a protein that exerts a down- 
regulatory function^ or it may utilize antisense technology. 

An osteotropic gene is a gene or DNA coding region that encodes a |m>tein, polypqitide, 
or peptide that is capable of promoting, or assisting in the promotion of, bone formation, or one 
that increase the rate of primary bone growth or healing. In addition, an osteotropic gene may 
be cqnble of stimulating the growth or icgeneration of skdetal connective tissues, such as 
tendon, cartilage, and ligament Bone progenitor cells refier to any or all of those cells that 
have the capacity to ultimately form, or contribute to the formation of, new bone tissue. They 
spedficaUy include various cells in different stages of differentiation, sudi as stem cell, 
macrophages, fibroblasts, vascular cells, osteoblast, chondroblasts, o steocla st s, and the like. 
Osteotropic genes and the proteins that they encode include, ftir example, systemic hormones, 
such as parathyroid hormone (PTH) and estrogen; many different growth factors and cytokines; 
chemotactic or adhesive peptides or polypqvtides; molecules such as acdvin (US Patent No. 
5,208,219, incorporated herein by reference), specific bone morphogenetic protons (BMPs); 
and growth factor receptor genes. 

Exanqdes of suitable os te o tropi c growth factors include the transforming growdi factor 
(TGF) fanuly, spedficaUy TGFs M, and particulariy TGF-a, TGF-pl, TGF-/52 (US Patent 
Nos. 5,168,051; 4,886,747; and 4,742,033, each incorporated herein by lefcrence); and 
fibroblast growth factors (FGF), such as addic FGF and kFGF; granulocyte/macrophage colony 
stimulating factors (GMCSF); epidermal growth factor (EGF); platdet derived growth factor 
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(PDGF); insulin-like growth factors QGF), including IGF-I and IGF-II; and leukemia inhibitory 

factor (UF), also known as HILDA and DIA. 

Pieferred osteotropic genes and DNA segments are tfiose of the TGF superfamily, such 

as TGF-a, TGF-/91 , TGF-/82, and the members of the BMP femUy of genes. Of course, the 
5 original source of a recombinant gene or DNA segment need not be of the same spedes as the 

animal to be treated. In this regard, it is contemplated Aat any recombinant PTH, TGF, or 

BMP gene may be employed, such as those from human, mouse, and bovine sources. Gene and 

DNA segment refer to a DNA molecule that has been isolated free of total genomic DNA of the 

species from iK^iich it was obtained. Included within the term DNA segment are DNA segments 
10 and smaller fragments of sud) segments, and also recombinant vectors, including for example, 

plasmids, ooanids, phage, retroviruses, adenoviruses, and the like. 

The nanopartides of the present invention may comprise one or more osteotropic genes 

or nuddc add segments, in combination, or in combination with other proteins, peptides, or 

pharmaoeutically active agents, and/or surface modifying agents. 

15 Eamric 24: 

In a ^edfic embodiment illustrating use of nanopartides of the present inventicm for 
delivety of DNA, or DNA fragments, ludferase marker DNA was incorporated into PLGA 
nanopartides in aoccHdanoe with the prindples of the invention. 

COS cells (mouse kidney q)ithdium) were transfected in vitro using the pGL2 plasmid 
20 expression vector which encodes ludferase. A standard transfecticHi protocol was used. In 
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brief, COS cdls plated the day before were exposed to DNA Ouciferase, Promega, Los 
Angeles, CA) for 2.5 hours in a standard cell ctdture medium, which medium lacked serum. 
The cells were washed and then cultured in a medium with 10% serum supplementaticm for 60 
additional hours. 

In an ejcperiment designed to evaluate the sustained release of DNA, 20 mg of plasmid 
DNA was complexed with DEAE-dextian and compared to DNA enclosed in PLGA 
nanoparticles at a omcentration of either 10 lig/nd or 20 iigfnd. 

In order to make nanopartides, PLGA (90 mg) was dissolved in 3 nd chloroform. 
Nuclease-free BSA (30 mg) and DNA (2 mg) were disserved in 300 pi nuclease-free Tris • 
EDTA which is Tris buffo* (Tris(hydroxymethyl)aminomefhane; 10 mM, pH 7.4) containing 
0.1 mM EDTA. The DNA^containing scdution was emulated with the PLGA polymer solution 
by sonication over an toe bath for 8 minutes using a microtip probe sonicator at 55 Watts of 
energy ou^mt. The resulting water-in-<nl emulsion was further emulsified into 25 ml of 2% 
w/v PVA (M Wt. 30-70 K) solution in Tris-EDTA buffer saturated with chloroform using the 
sonicator probe at 55 Watts« The result was a water-in-<»l-water emulsion. The water-in*oil- 
water emulaon was stirred for 18 hours with a magnetic stirrer in an open container, and then 
for 2 additional hours under vacuum to completdy evqxnate the organic solvent 
Nanoparticles, thus formed, were recovered by ultiacentrifugation, washed three times with 
Tris-EDTA buffer, and lyophilized for 48 hours. The resulting nanoparticles were stored 
desiccated. 
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Sinoe DNA is water-soluble, it is entrqiped by the emulsicm procedure and distributed 
throughout Ae polymer matrix* Targeting of DNA-containing nanoparticles can be 
accomplished as described hereinabove with zppmpnBtc soxhcc modifying agents, such as 
ferritin, antibodies ^ch are specific to target cells, marker proteins for receptors on target 

5 cells, or the provision of a characteristic li{Md coating, among others. 

It should be noted specifically, that the Tris-EDTA buffer used in Ois qiecific 
illustrative embodiment, has antinudease properties which prevent DNA breakdown during 
processing. In addition to Tris-EDTA, any other buffer or combination of buffers containing a 
calcium oompleung or chelating agent, such as dithizone, nitrolotriacetic acid, citrates, 

10 oxalates, tartrates, and dimerc^irol, is suitable for use in the practice of the invention. 

Calcium is a necessary cofactor in the breakdown of DNA with nucleases, therefore calcium 
complexing agents which competitively remove calcium ions mitigate against the loss of DNA 
by this mechanism. In addition to the use of calcium complexing buffers, certain proteins, such 
as histones, protamine or polylysine, bind nuclease and therd>y block its damaging effect on the 

15 DNA. It is also advantageous to conduct the entire nanopartide production procedure in a 

nuclease*free environment, such as by using nuclease-free reagents, such as nudease-free serum 
albumin (available from Sigma Chemical Co., St Louis, MO). 

Ludferase activity of die nanoparticles was determined by a substrate utilization assay 
using a commercially available Idt (Luciferase Assay System, Promega, Los Angdes, CA) 

20 substantially according to the protocol supplied by the manufacturer. In brief, cdls were 
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homogenized in 2 ml buffer (SO mM Tris acetate, pH 7.4, 1 mM EDTA, 1 mM dithiothrdtol, 
10% glyceroU 1 mg/ml BSA). Inunediately thereafter, 0.5 ml of cell culture lysis reagent 
(Piom^) was added to the homogenate, mixed well, and incubated at room tempeiature for 10 
minutes. To measure background activity (counts per minute, CPM), 100 /d of clarified 

5 homogenate was added to a dean microcentrifuge tube and lucifierase activity was determined 
by scintillation counting for 1 minute at room temperature (1219 RackBeta Scintillation counter, 
LKB, supplied through Wallace, Inc., Gaitherd>uig, MD, all channels open). The same 
procedure was used to measure background CPM of 1 ml lucifierase substrate stock solution. 
Once background activity was determined, homogenate and substrate were mixed and counted 

10 immediately. Enzyme activity values were normalized to 1 of total protein. 

The results are shown grq>hically in Fig. 22 which is a plot of luciferase activity as 
CPM/^g protein for each specimen. The total amount of DNA contained in each batch of 
nanopartides was considerably less than the control comparison for this experiment. Thus, the 
group designated PLGA-10 DNA contained 40 ng of DNA total and the group designated 

15 PLGA-20DNAooiitaiiwd80ngofDNA. Furthmnore, the sustained release of all Ae DNA 
from the nanopartides would have actually occurred after 30 days as shown in the in vUro 
release studies ocmducted with die modd protein, BSA. Thus, tiie 2.5 hours exposure to die 
nanopartides constitutes a severe test of the efficacy of the nanopartides since only minute 
amounts of DNA were rdeased. Neverthdess, Fig. 22 shows agnificant expressicm above 

20 background f ludfeiase in three of die four DNA-containing nanoparticle groups. 
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In a still further illustrative embodiment of the invention, a m^od of making 
nanopartides has been developed which does not use sonification. It has been discovered that 
sonication may damage genetic material. The damaging efiiwt is magnified witit larger genes. 
Therefore, a technique has been developed using an excess of organic solvents, such as DMSO 
or chloroform, and a detergent to obtain nanqartides witiunit the use of sonification. 

Example 25: 

In a spedfic illustrative embodiment, DNA Oudfinase, 2 mg) and nuclease-free BSA (30 
mg) are diss(dved in 300 m1 Tris-EDTA bufifer to form an aqueous phase. The aqueous phase is 
homogenized into a PLOA polymer solution dissolved in chlorofbim (90 mg PLGA in 3 ml 
chloroform) containing 1% w/v Span-20 to fiorm a water-in-oil emulsion. The primary 
emulsion is further emulsified by homogenization for 30 minutes into a 2% w/v solution of 
PVA ill nuclease-free Tris-EDTA buffer which has been saturated with chloroform. The result 
is a multiple emulsion, or a water-in-oil-in-waier emulsini. The organic solvent is eviqiorated 
at room traiperature by stirring, uncovered, over a magnetic stirring plate for 18 hours. Then, 
a vacuum is iqipiied for an adcfitwnal 2 boon. The resulting nanopartides are recovered by 
ultraoentrifiigation, washed tiiree times with Tris-EDTA buffer and lyo|4uUzed. 

Itanopartides which indude oste otropi c genes and/or other materials to stimulate bone 
growti), may be advantageously su^xnding in a gelling medium whidi is sqiplied to ttie site of 
need. The nanopartides, which may be in a gdling medium, may also be intimatdy mixed 
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witb another material, qmfically a bone filler, such as bone cement, dental adhesives, 
hydioxyqntite, and bone oeiamics, to bold the nanopartides at the site of apfdication. 

Aldmigh the invention has been disclosed in terms of biodegradable pdymen, in die 
specific embodiment directed to thenq>y to foctlitate bone growth, nanopartides which are, at 
least in part, insoluble and non-degradable are contemplated. Such nanopartides could contain 
insoluble caldum pboqrtiate aystalline mineral components, for example, to render them 
osteoconductive, i.e*, cqnble of facilitating new mineral formation. Such insoluble 
nanopartides would be int^rated into the renewed bone structure. Spedfically induded axe all 
caldum phoqdiate mineral phases, induding octacaldum phosphate, amorjdious caldum 
phosphate, tricaldum phoq>hate, carbonate-apatite, and fluorapatites, as well as ceramics of all 
of die aforementioned. Further, caldum bi^hosfdionates, or odier crystalline salts or free adds 
or mono-, bis- or polyphoqrtionates, would be useful as fillers and sur&ce modifying agents. 
Synei^stic condnnaticHis indude ferric or aluminum salts of bispho^rtionates. 

In addition to the fbr^cring, it is to be understood that the nanopartides of die present 
invention would find widespread i^lication in the delivery of bioacdve agents in general. The 
purpose of the ddivery of bioacdve agents may range from dier^wutic to diagnostic Oniaging 
agents), to cosmetic or nutritional. Nanoparticle-hased delivery of gene tticrzpy is expected to 
improve transfection of DNA over a prolonged period of time. 

AldKNigh die invention has been described in terms f spedfic embodiments and 
qyplicaticms, persons skilled in die art can, in light of this teaching, generate additional 
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embodiments without exceeding the scope or dqniting from the ^irit of the daimed invention. 
Accordingly, it is to be understood that the drawing and description in this disclosure are 
proffered to fedlitate oomprdiension of the invention, and should not be construed to limit the 
scope thereof. 
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What is claimed is: 
Conpodtioo 

1. A sustained release dosage fonn compriang: 

nanoparticles comprising a biocompatible, biodegradable polymer core having an average 
diameter of less than about 300 nm, the nanoparticles having associated or incorporated 
therewith at least one bioactive agent and/or at least one surfiice modifying agent. 

2. The sustained release dosage form of claim 1 wherein the average diameter of the 
nanoparticles is in the range of about 100-150 nm. 

3. The sustained release dosage form of claim 1 wherein the average diameter of the 
nanoparticles is in the range of about 10-50 nm. 

4. The sustained release dosage form of claim 1 wherdn the biocompatible, 
biodegradable polymer is a synthetic polymer. 

5. The niminw) release dosage form of claim 4 wherein the biocompatible, 
biodegradable polymer is a synthetic polymer selected from the group consisting of 
polyesters, polyediers, polyanhydrides, polyalkylcyanoaaylates, polyacrylamides, 
poly(orthoesters), polyidiosphazenes, polyamino acids, and biod^radable polyurethanes. 

6. The sustained dosage release form of claim S wherein the biocompatible, 
biodegradable polymer is a polyester selected from the group oonasting of polylactides, 
polyglycolides, and polylactic polyglycolic copolymers. 
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7« The sustained release dosage fcinn of claim 6 wherein the biocompatible, 

biodegradable pcriymer is a pcdylactic polyglyoolic copolymer. 

8. The sustained dosage release fonn of daim 6 wherein the biocompatible, 
biodegradable polymer is a polyether selected from the group consisting of hydroxy- 
terminated poly (€-ca^ndactone)-polyether or polycsqnolactone. 

9. The sustained release dosage form of claim 8 whmin die polyether is a 
polyc^xrolactone which is cpoxy-derivatized and activated. 

10. The sustained rdease dosage form of claim 1 wherein the biocompatible, 
biodegradable polymer is a naturally-derived polymer. 

1 1 . The sustained release dosage form of claim 10 wherdn the biocompatible, 
biodegradable polymer is a naturally-derived polymer selected from the group cmsisting 
of acacia, chitosan, gelatin, dextrans, albumins, and alginates/starch. 

12. The sustained release dosage form of claim I wherein the bioactive agent is at 
least one pharmaceutical agent. 

13. The sustained rdease dosage form of claim 11 wherein the at least one 
pharmaceutical agent is a cardiovascular agent. 

14. The sustained rdease dosage form of daim 13 wherdn die cardiovascular agent 
is sdected from the group consisting of stimulators, inhibitors, antithrombins, caldum 
channd blockers, antitensin converting enzyme (ACE) inhibitors, immunosuppressants, 
fish mis, growth foctor antagcmists, cytoskdetal inhibitors, antiinflammatory agents, 
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thrambolytic agents, antiproUfierattves, genetic material suitable for the DNA or anti- 
sense treatment of cardiovascular disease, protein kinase inhibitors, smooth muscle 
migiation and/or contraction inhibitors, and nitric oxide-releasing compounds. 
IS* The sustained release dosage form of claim 14 wherein the cardiovascular agent 

is a cytoskdetal inhibitor. 

16. The sustained release dosage fom of claim IS wherdn the cytoskeletal agent is 
cytochaiasin B. 

17. The sustained release dosage ftmn of daim 12 wherein the bioactive agent is an 
anticancer agent 

18. The sustained rdease dosage form of claim 17 wherein the anticancer agent is 
selected from the group consisting of alkylating agents, antimetabolites, natural products 
(f.g., alkaloids), toxins, antibiotics, enzymes, biological response modifiers, 
hormones, antagonists, and genetic material suitable for the treatment of cancer. 

19. The sustained release dosage form of claim 12 wherein the bioactive agent is a 
peptide or protein*based vaodne. 

20. The sustained rdease dosage form of claim 19 wherdn the protein-based vacdne 
is Tetanus-ToKoid. 

21. The sustained rdease dosage form of claim 12 wherein the bioactive agent is a 
nuddc add. 
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22. The sustained release dosage form of daim 21 wherein the nucleic acid is DNA, 
RNA, or an oligonucleotide (sense or antisense) of DNA or RNA. 

23. The sustained release dosage fbnn of daim 22 wherein the nucldc add is an 
osteotropic gene or gene s^ment, or oligonucleotide. 

24. The sustained release dosage torm of claim 23 wherrin the osteotropic gene or 



gene segment is sdected from the group consisting of bone morphpgenic proteins (BMP2 
and 4 and others), transforming growth factor, such as TGF-/71-3, activin, 
phoq>hoproteins, osteonectin, ostecqxmtin, bone aaloprotdn, osteocaldn, vitamin-k 
dqiendent proteins, glyo^noteins, and collagen (at least I and II). 

25. The sustained rdease dosage form of claim 22 further including at least one 
osteoconductive salt. 

26. The sustained rdease dosage form of claim 22 wherein the nucleic add is suitable 
for the DNA or anti-sense treatment of cardiovascular disease and is sdected from the 
group consisting of platdet-derived growth factor, transforming growth factors (alpha 
and beta), fibroblast growth factors (addic and banc), angiotensin II, heparin-binding 
eindennal growth factor-like molecules, Interleukin-1 (a4>ha and beta), Interleukin-6, 
insidin-like growth factors, oncogenes, proliferating cell nuclear antigen, cell adhesion 
molecules, and platdet surface antigens. 

27. The sustained rdease dosage form f claim 22 wherdn the nucleic add is an 
anticancer gene sdected from the group consisting f tumor suppressor genes, cytokine- 
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produdng genes, tumor necrosis fector or-cDNA, caidnoembryonic antigen gene, 
lypholrine gene, toxin-mediated gene therapy, and andsense RNA of E6 and E7 genes. 

28. The sustained release dosage form of daim 21 further including a piotdn to 
block nuclease activity. 

29. The sustained release dosage form of claim 1 wherein the surfece modifying 
agent is selected from the group consisting of one or more synthetic polymen, 
Copolymers, low molecular weight oligomers, natural products, and surfactants. 

30. The sustained release d(»age form of claim 31 wherein the surfitce modifying 
agent is a synthetic polymer selected from the group consisting of caiboxymethyl 
ceUulose, ceUulose, cellulose acetate, cdlulose phthalate. polyethylene glycol, polyvinyl 
alo^l, hydroxypropylmethyl cellulose phthalate, hydroxypn^l ceUulose, sodium or 
calcium salts of carboxymethyl cellulose, mmciystalline cdlulose, polaxomers, 
poloxamines, dextrans, DEAE-dextian, polyvinyl pyrolidone, pdystyrene, and silicates. 

31- The sustained rdease dosage form of daim 29 wherein the sur&ce modifying 

agent is a natural product selected from the group oonusting of proteins, peptides, sugar- 
containing oraipoands, and li|rids. 

32. The sustained release dosage form of claim 31 wherein the natural product is a 

peptide/protdn sdected from the group consisting of acada, gdatin, casein, albumins, 
myoglobins, hemoglobins, and fibrinogens. 
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33. The sustained release dosage form of claim 31 wherein the natural product is a 
sugar-containing compound selected from the group consisting of tragacanth, sorbitol, 
mannitd, polysaccharides, and pectin. 

34. The sustained rdease dosage form of claim 31 wherein the natural pnxiuct is a 
lipid selected from the group consisting of lecithin, pho^holipids, cholesterol, beeswax, 
wool fat, sulfonated oils, and rosin soap. 

35. The sustained release dosage form of daim 29 wherein the surfece modifying 
agent is a surfactant selected from the group consisting of non-ionic, anionic, and 
cationic surfactants. 

36. The sustained idease dosage form of claim 35 wherein the surface modifying 
agent is a non-ionic surfactant selected from the group consisting of polyoxyethylene 
sorbitan fatty add esters, sorbitan fatty acid esters, fatty alcohols, alkyi aryl polyether 
sulfonates, and dioctyl ester of sodium sulfonsucdnic acid. 

37. The sustained release dosage form of claim 35 wherein the surface modifying 
agent is an anionic sur&ctant sdected from the group consisting of sodium dodecyl 
sulfate, sodium and potasnum salts of fatty adds, polyoxyl stearate, polyyoxylefhylene 
lauryl edwr, sorbitan sesquioleate, tri^hanolamine, fatty adds, and glycerol esters of 
fatty adds. 

38. The sustained rdease dosage form of daim 35 wherein the surface modifying 
agent is a cationic surfactant sdected from the group consisting f didodecyldimethyl 
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ammonium bromide, cetyl trimdbyl ammonium bromide, benzalkonium chloride, 
hexadecyl trimethyl ammonium chloride, dimethyldodecylaminopropane, N-cctyl-N-cthyl 
morpholinium elhosul£ite. 

The sustained release dosage form of claim 1 further including a suspending 
medium. 

The sustained release dosage form of claim 39 wherein the suspending medium is 
selected from the group consisting of distilled water, normal saline, triglycerides, 
physiologic buffers, serum or serum/plasma protein constituents, and dssue culture 
media. 

The sustained release dosage form of daim 39 wherein the suspending medium 
gels after q)pIication to the n^ion of injection. 

The sustained release dosage form of claim 41 wherein the suspending medium 
which gels is selected ftom the group consisting of poloxamers. Types I and II collagen 
m procollagen, hydrogels, cyanoacrylates, and fibrin glue. 

The sustained release dosage form of claim 41 in intimate combination with a 
bone filler selected from the group consisting of bone cement, dental adheave, 
hydroxyqxatite, and boat ceramics. 

The sustained release dosage form of claim 1 further including an encapsulation 
f r the lumopardcles. 
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Methods of Makinc 

bydropbobk aguls 

45. A m^hod of making a sustained idease drug delivery system for hydrophobic 
bioactive agents comprising the steps of: 

(a) dissolving at least one biocompatible, biodegradable polymer in an organic 
solvent; 

(b) dissolving the bioactive agent(s) in an organic solvent, the combined polymer and 
bioactive agent-containing solutions comprising an organic phase; 

(c) adding the organic phase to an aqueous phase; 

(d) sonicating the combined organic phase and the aqueous solution at a temperature 
below the melting point of the polymer and at an energy sufficient to form a stable emulsion; 

(e) evaporating the organic solvent from the stable emulsion; and 

(0 separating resulting nanopartides from the remaining aqueous phase. 

46. The method of claim 45 wherein the aqueous phase is an aqueous solution of an 
emulsifying agent. 

47. The method of claim 46 wherein aqueous solution of an emulsifying agent has 
about 0.1% to 10% w/v emidsifying agent, and prefierably about 1% to 3% w/v 
emulsifying agent* 

48. The method f claim 45 wherdn the emulsifying agent is selected from the group 
consisting of polyvinyl alcohol, polyoxyethylene sorbitan fatty add esters, polyethylene 
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glycols, tri^hanolamine fetty acid esters, sodium and potassium salts of fetty acids, 
sodium lauryl sulphate cdlulose acetate, polaxomcrs. and quaternary ammonium 
compounds. 

The method of claim 45 comprising the further step of lyophilizing the 
nanopaiticles. 

The method of claim 49 whoein the lyophilizing step comprises subjecting tbt 
nanqxarticles to temperatures mi the order of -30* C to .55* C in a vacuum of 500 
millitorr or less for at least 24-48 hours. 

The method of claim 49 further comprising the step of sterilizing the 
nanoparticles. 

The method of claim 51 wheiein the stq> of sterilizing comprises subjecting the 
nanoparticles to a sterilizing radiation. 

The method of claim 45 wherein, in the stq> of sonicating, the energy sufficient 
to form a stable emulsion is in the range of 35-65 Watts. 

The method of daim 49 further comprising the stq) of modifying the surfoce of 
the resukiiig nanoparticles. 

The meduxl of daim 54 wherein the stq> of modifying the surface of the 
resulting nanoparticles comprises adsorbing at least one surface modifying agent to ttie 
nanoparticles. 
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56. The method of daim 55 wherein the step of adsorbing comprises the steps of 
su^ending the nanoparticles in a solution of the at least one surface modifying agent and 
freeze-diying the suqienston to produce a coating on the nanoparticles. 

57. The method of claim 56 wherein the stq> of freeze-drying comprises lyophilizing 
the nanoparticles in a lyophUizcr at -30' C to -55' C in a vacuum of 500 mUlitorr or 
less for at least 24 to 48 hours. 

58. The method of claim 54 wherein the step of modifying the surface comprises 
epoxy-derivatization. 

59. The method of claim 58 wherein epoxy-derivatization comprises the steps of 
partially hydrolyzing Ae nanoparticles to create reactive groups on the surface; and 
contacting the hydrolyzed nanoparticles with a reactive multifunctional epoxide to form 
qx>xy-activated nanoparticles. 

60. The method of claim 59 wherein the reactive groups are amino, anhydrides, 
cart>oxyl, hydroxyl, frttenol, or sulfhydryl. 

61. The method of claim 58 wherein the reactive multifunctional epoxide is selected 
from the group consisting of l,2*cpoxides, l»2-propylene oxides, butane and ethane di- 
glyddy] ^hers, erythritol anhydride, polyfimctional polyglycerol polyglyddyl ethers, and 
qiichlorhydrin. 
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62. The method of claim 59 oomprising the fiirAer 5tq> of reacting the epoxy- 

activated nanoparticles with reactive groups on one or more bioactive agenu and/or 

surface nuxUfying agents. 
63- The method of claim 54 wherein the at least one surface modifying agent is 

selected from the group consisting of one or more synthetic polymers, biqxilymers, low 

molecular weight oligomers, natural products, and surfactants. 

64. The method of claim 54 wherein the stq> of modifying the surface comprises 
incorporating the at least one surface modifying agent in the polymer matrix. 

65. The method of claim 64 in^ierein the stq> of incorporating the at least one surtice 
modifying agent in the polymer matrix comprises using at least one biodegradable, 
biocompatible polymer in the organic phase which has a surface modifying property. 

66. The method of claim 65 wherein the biodegradable, biocompatible polymer is an 
cpoxy-derivatized and activated polycsq>rolactcme. 

67. The method of claim 65 wherdn the biodegradable, biocompatible polymer is a 
cyanoacrylate. 

hydrophOic agents 

68. A method of making a sustained release drug delivuy system for hydn^hilic 
bioactive agents comprising the steps of: 

(a) dissolving a biodegradable, biocompatible polymer in a nonpolar rganic solvent; 
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(b) dissolving hydrophilic bioactive agent(s) in a semipolar organic solvent or a 
combination of a polar and seniipolar solvent^ the combined polymer and bioactive agent- 
containing solutions comprising an organic phase; 

(c) adding the organic ptiBSC to an aqueous phase; 

(d) scmicating the combined organic phase and the aqueous solution at a temperature 
below the melting point of the poisoner and at an energy sufficient to form a stable emulsion; 

(e) evaporating the organic solvent from the stable emulsion; and 

(f) sqnrating resulting ruuioparticles the remaining aqueous phase. 

69. The method of claim 68 wherein the aqueous phase is an aqueous solution of an 
emulsifying agent. 

70. The method of claim 68 wherein the organic phase further includes an agent to 
favor partitioning of the hydrophilic bioactive agent into the organic phase upon 
solidification of the resulting nanoparticles. 

71. The method of claim 70 wherein the agent to favor partitioning is selected from 
the group of covalent complexing agents, pH adjusting agents, lipids, and viscosity 
enhancers. 

72. The method of claim 71 wherein the agent to favor partitioning is a covalent 
complexing agent which is a fatty acid salt 

73. The method f claim 71 wherein the agent to favor partitioning is a cationic or 
aiuonic lipid. 
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The method of daim 71 wherein the agent to fevor partitioning is a multivalent, 
polycationic agent. 

75. The method of daim 69 wherein the nonpolar organic solvent is sdected from die 
group consisting of m^ylene chloride, diloroform, ediyl acetate, tetrahydrofuran, 
hexafluoroisopropanoU and hexafluoroacetone sesquihydrate. 

76. The method of claim 69 iMiierdn tiie semipolar organic solvent is sdected from 
the group consisting of dimethylacetamide, dimethylsullbxide. dimethylfbrmamide. 
dioxane, and acetone. 

77. The method of claim 69 comprising the further step of lyophiliztng the 
nanopartides. 

78. The method of daim 77 wterdn die lyophilizing step comprises subjecting the 
nanc^KUtides to -60"* C under 100 millitorr vacuum for 48 hours. 

79. The method of claim 77 ftirther comprising the step of sterilizing the 
nancqiartides. 

80. The method of claim 79 wberdn the step of sterilizing comprises subjecting the 
nanopartides to a sterilizing radiation. 

81. The mediod of daim 69 wherein, in the stq> of scmicating, tt\t energy sufftdent 
form a stable emulsion is in the range of 35-65 Watts. 

82. The method f daim 77 comprising the further step f modifying the surface of 
the resulting nancqnrtides. 
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83* The method of claim 82 wherein the step of modifying the surface of the 

resulting nanbparticles comprises adsorbing at least one surface modifying agent to the 
nanopartides. 

84. The method of claim 83 wherein the siep of adsorbing comprises the steps of 
su^)ending the nanopartides in a solution of the at least one surface modifying agent and 
freeze-drying the suspension to produce a coadng on the nanopartides. 

85. The method of daim 82 wherein the step of modifying the surface comprises 
cpoxy-derivatization. 

86. The method of daim 8S comprising the further stq) of reacting the epoxy- 
activated nanopartides with reactive groups on rnie or more bioactive agents or surface 
modifying agents, which reactive groups may be amino, anhydrides, carboxyl, hydroxy], 
phenol, or sulfhydryL 

87. The method of daim 82 wherein the step of modifying the surface comprises 
incoiporating the at least one smhcc modifying agent in the polymer matrix. 
ProCein/PfcpUde Agents 

88. A method of making a sustained release drug delivery system for water-soluble 
protein/pqytide-ccmtaining bioactive agents comprising the stq>s of: 

(a) dissolving the water-soluble protein/peptide-containing bioactive agent in an 
aqimus solution to form a first aqueous phase; 

(b) dissolving the polymer in a nonpolar organic solvent; 
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(c) adding the first aqueous phase to the organic polymer solution to form a primary 
emulsion; 

(d) emulsifying the primary emulsion into an aqueous solution of an emulsifying 
agent to form a water-in-oiI-in*water emulsion; 

(e) evaporating the organic solvent from the water-in-oil-in-watcr emulsion; and 

(f) sqiarating resulting nanoparticles the remaining aqwcms phase. 

89. The method of claim 88 comprising the further step of lyophilidng the 
nanoparticles. 

90. The method of claim 88 wherein step (c) comprises sonicating the protein- 
containing aqueous solution and the organic solution with energy sufficient to form a 
stable primary emulsion. 

The method of daim 88 wherein the aqueous solution of an emulsifying agent is 
an aqueous solution of an emulsifying agent for making water-inH>il emulsions selected 
from the group consisting of soibitan esters of fatty adds, fatty alcohols, fatty adds, and 
glycerol esten of fatty adds. 
^2* The method of daim 88 wherdn the aqueous solution of an emulsifying agent is 

an ^ueous solution of an emulsifying agent for making cril-in-water emulsions selected 
from the group consisting of polyoxyethylene ethers of fatty alcohols, polyoxyl fatty add 
esters, poly xyethylene glycols of fatty adds. 
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93. The method of claim 88 wherein the water-soluble protein-containing bioactive 
agent is a nucleic add selected from the group consisting of DNA, RNA, or an 
oligcMiucleotide (sense or antisense) of DNA or RNA. 

94. The method of claim 93 wherein the water-soluble protein-containing bioactive 
agent is nuclease-free DNA. 

95. The method of claim 94 wherein the aqueous solution is nuclease-ftee and/or 
include a calcium complexing agent. 

96. The method of claim 95 wherein the aqueous solution is a buffer selected from 
the group of Tris-EDTA, dithizone, nitrolotriacetic acid, dtiates, oxalates, tartrates, and 
dimercaprol. 

97. The method of claim 93 further comprising the step of modifying the surface of 
the resulting nancqorticles. 

98. The method of claim 89 wherein the stq> of modifying the surface of the 
resulting nanc^nrticles comprises adsorbing at least one surface modifying agent to the 
nanoparticles. 

99. The method of daim 98 wherein Ae step of adsorbing comprises ttie stq>s of 
suspending the nanoparticles in a solution of the at least one surface modifying agent and 
freeze-drying the suspension to produce a coating on the nanopartides. 

100. The method f daim 89 wherein the step f modifying the surface comprises 
epoxy-derivatization. 
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101. The methcxl of claim 89 qwxy-dcrivatization comprises the steps of partiaUy 
hydrolyzing the nanopaiticles to create reactive groups on the surfiwc; and contacting 
the hydrolyzed nanopaitides with a reactive multifunctional epoxide to farm cpoxy- 
activated nanopartides. 

102. The method of claim 101 comprising the further step of reacting the epoxy- 
artivated nanopartides with reactive groups on one or more bioactive agents and/or 
surfiioe nuxtifying agents. 

103. The method of claim 89 wherdn the stq> of modifying the surface comprises 
incorporating the at least one surfiace modifying agent in the polymer matrix. 

Epoxy-DeriyatizaUon Method 

104. A method of modifying the surface of a polymer of the type having a reactive end 
group, the method comprising die stq)s of: 

contacting the polymer with a multifunctional qx>xide compound in the presence of a 
catalyst to form an cpoxide-coufded polymer; and 

reacting the epoxide-coq>led polymer with a bioacdve agent having at least one 
functional gmxp thereon which reacts with epoxide groups to covalently link the bioactive agent 
to die pcriymer. 

105. The medml of daim 104 wherein the polymer has at least one reactive end group 
sdected from the group consisting f amino, anhydrides, carboxyl, hydroxyl, phenol, or 
sulfhydryl. 
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106. The method of claim 105 wherein tfie polymer is selected from the group 
consisting of polyesteis. such as polylactide, polyglycolides, polylactic polyglycolic 
copol)rmer» and polycqxrolactone. 

107. The method of daim 106 wherein the polymer is a poly-Iactide-co-poly-glycolide. 

108. The method of daim 104 whoein the polymer is at least partially hydrolyzed 
prior to contacting ttie polymer with the multiAmcticmal epoxide compound. 

109. The method of claim 104 wherein the epoxide compound is an qx>xide, a 
polyqmxide compounds, or an epoxy resin. 

110. The m^iod of daim 109 whnrin the epoxide compound is sdected from the 
group consisting of l,2-cpoxides» 1,2-propylene oxides, butane and ethane di-glycidyl 
ethers, erythritol anhydride, polyfunctional polyglycerol polyglyddyl ethers, and 
qridilorhydrin. 

111. The method of daim 104 wherein the catalyst is sdected from the group 
consisting of tertiaiy amines, guanidine, imidazole, boron trifluoride adducts, such as 
bonm trifluoride>numoethylamine, trace metals, bisphosphonates, and ammonium 
complexes of the type PhNHj + AsF^.. 

112. The method of daim 104 wAierein the catalyst is suitable for photoinitiation. 

1 13. The method of daim 1 12 wherein the catalyst is selected from the group 
consisting f titanium tetrachloride and ferrocene, zirconocene chloride, carbon 
tetrabromides and iodoform. 111. 



W 96/20698 



PCTAJS96/00476 



"140" 



114. The method of claim 104 wherdn the bioactive agent has at least one reactive end 
group sele ct ed from the group consisting of amino, anhydrides, cart>oxyl, hydroxyl, 
phenol, or sulfhydryl. 

Method of Making PCL-Embodimeots 

1 15. A method of making block copolymers having hydrophilic and hydrophobic 
segments, the method comprising the steps of: 

(a) dissolving a fir^ polymer-dtol in an organic solvent; 

(b) adding a multifunctional epoxide in excess to the dissolved first polymer-diol so 
that one of the qmxide groups of the multifimcticmal epoxide reacts with hydroxy] groups on the 
ends of the first polymer-diol to form an epoxide end-ca{^ first polymer (block A); 

(c) adding an excess of a second polymer-diol (block B) to the epoxide end-capped 
first polymer block A to form a hydroxyl-terminatcd BAB-type triblock copolymer. 

116. The method of daim 115 wherein there is provided die ftirther step of expanding 
the molecular weight of a polymer-diol. prior to use in step (a), by reacting an excess of 
the pcdymer-diol widi a polyfiinctional qx>xide. 

117. The method of claim 1 15 wherein the multifiuictional epoxide is selected from the 
group consisting of 1,2-epoxides, 1,2-propylene oxides, butane and ethane di-glyddyl 
ethers, erythritol anhydride, polyftmctional polyglycerol polyglycidyl ethers, and 
cpidilorhydrin. 
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118. The method of claim 115 wherein the first polymer-diol is a hydrq)hobic 
poIymer-dioL 

119. The method of daim 118 wherein the hydrophobic polymer-diol is selected from 
the group consisting of polycaprolactone, polylactides, polygiycolides, and polylactic* 
polyglyoolic add copolymer. 

120. The method of claim 1 IS wherein the second polymer-diol is a hydrophilic 
polymer-diol. 

121. The method of daim 120 wherdn the hydnq>hilic polymo'-diol is sdected from 
ttie group consisting of polyethylene glyool» polaxomers» and poly(propylene oxide). 

122. The method of claim 1 IS wherdn the first polymer-diol is a hydrophilic polymer- 
diol. 

123. The method of claim 122 wherein the second polymer-diol is a hydrophobic 
polymer-diol. 

124. The method of daim 1 IS comprising the further step of reacting the BAB-type 
triblodc ooptdymer with a multifunctional epoxide to form an epoxide end-capped BAB- 
type triblock copolymer. 

125. The m^hod of daim 124 compriang the further stq> of reacting the epoxide end- 
capped BAB-type triblock cc^lymer with a bioactive agent having at least one 
functional group thereon which reacts with epoxide groups to oovalently attach the 
bioacdve agent to the qxndde end-cqyped BAB-type triblock copolymer. 
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126. The method of daim 115 wherein steps (b) and (c) are repeated to fonn 
multiblock copolymen. 

127. The method of claim 126 comprising the further step of reacting the multiblock 
copolymer with a multifunctional qxixide to form an qxxxide end-capped multiblock 
polymer. 

128. The method of claim 127 wherdn the reactive multiblock polymer is washed or 
reacted to block further qwxide reactivity. 

Compodtkm Claims to Multblock Copolymers 

129. Multiblock copolymers having hydrophobic and hydrophilic s^ments connected 
by epoxy linkages and being hydroxy-terminated or cpoxide-terminated and having a 
molecular weight between about 6,000 to 100,000 as measured by gd penneation 
chromatogrq>hy and intrinsic viscosity. 

130. The multiblodc copolymer of claim 129 inlierdn the hydrophobic s^ment is 
sdected fimn the group omnsting of polyoqmdactone. polylactides^ polyglycolides, 
polylactic-pdyglycolic add copolymer, biodegradable polyurethancs. polyanhydridcs, 
and pdyamino adds. 

131. The multiblock copolymer of daim 129 wherein the hydrqihilic segment is a 
polyether sdected from the group consisting f polyethylene glycol, polaxomers, and 
poly(propylene oxide). 
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132. The polymers of claim 129 which art ABA, BAB, muldblock (AB). or (BA), 
type polymen, and combinations thereof, wherein the A block is polycapiolactone and 
Ae B block is selected from the gnnp ccmsisting of polyethylene glycol, poloxamen, 
and p(riy(propylene oxide). 

133. The polymen of daim 129 wherein a hydrophobic and/or hydrophilic segment is 
expanded, Le. , multiple molecules are linked together by epoxy linkages. 

134. Hydroxy-terminated poly (c-caprolactone)-polyether polymers having alternating 
hydrophobic polyc^laetone segments and hydrophilic polyether s^ments connected by 
epoxy linkages. 

135. The block copolymer which is HO-PEG-EX252-PCL-EX252-PCL-EX252-PEG- 



OH. 



136. 



The block copolymer which is HO-F68-EX252-PCLrEX252-PCL-F68-OH. 



137. 



The block copdymer which is HO-PCL-EX252-F68-EX252-Pa^H. 



138. 



The block copolymer wiaeh is HO-PCL-EX2S2-PEG-EX2S2-PCL-OH. 



139. 



The block copolymer which is I10-PCL-EX2S2-PPO-EX2S2-PCL-OH. 



140. 



The multiblock copolymer of claim 125 comprising a nanq»rtide. 



Methods of Use Embodimeiits 



Restenosis 



141. 



A method f preventing restenosis following vascular damage as a result f an 
interventional procedure or disease: 
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injecting nanopartides comprinng a biocompatible, biodegradable polymer core having 
an average diameter of less than about 300 nm, the naiK^^ 

inconxmted Oerewidi at least one bioactive agent and/or at least one surftce modifying agent, 
under pressure into the wall of the vessel jHooeding, during, or subsequent to the damaging 
interventional procedure. 

142. The method of preventing restenosis of daim 141 wherein the pressure is at least 
1 atm and preferably between 3-6 atm. 

143. The method of preventing restenosis of claim 141 wherein tfie stq> of injecting is 
accraiplished with a cadieter. 

144. The mediod of preventing restenosis of daim 141 comprising the further step of 
inducing an osmotic Aock to die wall of the vessd with a hypertonic solution prior to or 
c ontem poraneously widi the step of injecting nanopartides. 

145. The method of preventing restenosis of claim 141 wherein the biocompatible, 
biodegradable polymer is a ^thetic pdymer sdected ftom the group ccmsisting of 
polyesters, pcriyethers, polyanhydrides, polyalkykyanoacrylates, polyacrylamides, 
poly(orthoesters), polyphosphazenes, polyamino adds, and biodegradable polyurethanes. 

146. The method of preventing restenosis of dum 141 wherein tite biocompatible, 
biodegradable polymer is a naturally*<lerived polymer sdected fnm the group consisting 

f acacia, diitosan, gelatin, dextrans, albumins, and alguiates/starch. 
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147. The method of daim 141 wherein the bioactive agent is selected from the group 
consisting of snnooth muscle inhibitors, rBoq>tor blockers for contractile agonist, 
inhibitors of the sodium/hydxogen antiporter, protease inhibitors, nitrovasodilators, 
pho^odiesterase inhibitors, pheoothiazines, growth factor recqitor antagonists, anti- 
mitotic agents, immunosuppressive agents, antisense oligonucleotides, and protein kinase 
inhibitors* 

148. The method of preventing restenosis of chum 147 wherein the bioactive agent is a 
cytochalasin. 

149. The method of preventing restenosis of claim 141 wdierdn the nanopaiticles 
further includes at least one surface modifier. 

150. The mediod of preventing restenosis of claim 149 the surface modifier is selected 
from the group consisting of the surface modifying agent is selected from the group 
consisting of one or more synthetic polymers, biopolymers, low molecular weight 
oligomers, natural products, and surfactants. 

151. The method of preventing restenosis of claim 150 wherein the surface modifier is 
fibrinogen md/ar DMAS. 

152. The method of preventing restenosis of daim 141 wherein the nanoparticles are 
suspended in a suspending media suitable for intravascular administration in a 
concentration range from about 0. 1 mg/ml or less to 300 mg/ml, and preferably in the 
range of 5 to 30 mg/ml. 
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Bone Tbmpy 

153. A method of transferring a nucleic acid segment into bone progenitor cells 
comprising: injecting into a tissue site having bone progenitor cells nucleic acid- 
oontaining nancqarticles, the nanoparticles comprising a biocompatible, biodegradable 
polymer core having an average diameter of less than about 300 nm, and having 
associated or incorporated therewith at least one nucleic add and/or at least one surface 
nnodifying agent 

154. The method of claim 153 wherein the nucleic acid is an osteotroiric gene or gene 
segment sdected from the group consisting of bone morphogenic proteins (BMP2 and 4 
and others), phosphopnMeins, osteonectin, osteopontin, bone sialoprotetn, vitamin-k 
dependent proteins, glycoproteins, ami collagen (at least I and II). 

155. The method of daim 153 wherein the surface modifying agent is sdected from 
the group ccmststing of one or more synthetic polymers, biopolymers, low molecular 
weight oligomers, natural products, and surfactants. 

156. The mefliod of daim 153 wherein the injected nanopartides are carried in a 
suqiending medium gds after application to the region of injection. 

157. The mdhod of daim 156 wherein the suspending medium which gds is selected 
fipom the group cond^g of poloxamers. Type I collagen or procollagen, hydrogels, 
cyanoacryhtes, and fibrin glue. 
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158. The method of claim 156 wherein the suspending medium further includes at least 

one osteoconductive salt. 
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